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25  Abstract

26  The spikelet number per spike (SNS) is a primacyoiadetermining wheat yield.

27  Common wheat breeding reduces the genetic diveasityng elite germplasm

28  resources, leading to a detrimental effect on &tneat productiorit is, therefore,
29 necessary to explore new genetic resources fort8 Nferease wheat yield. A

30 tetraploid landrace ‘Ailanmai’ x wild emmer wheatombinant inbred line (RIL)

31  population was used to construct a genetic magubmwheat 55K single

32 nucleotide polymorphism (SNP) array. The linkaggmantaining 1150 bin markers
33 with a total genetic distance of 2411.8 cM was ioleid. Based on phenotypic data
34 from eight environments and best linear unbiasediption (BLUP) values, five

35 quantitative trait loci (QTL) for SNS were idengifl, explaining 6.71-29.40% of the
36 phenotypic variation. Two of ther@Sns.sau-AM-2B.3 andQSs.sau-AM-3B.2,

37 were detected as the major and novel QTL. Theéceffwere further validated in
38 two additional k populations using tightly linked Kompetitive AlkeSpecific PCR
39 (KASP) markers. Potential candidate genes withénpthysical intervals of

40 corresponding QTL were predicted to participateflorescence development and
41  spikelet formationGenetic associations between SNS and other agrortoaits

42  were also detected and analyzed. This study dermadesthe feasibility of wheat

43 55K SNP array developed for common wheat in gemegipping of tetraploid

44  population and shows the potential application béat related species in wheat

45  improvement programs.

46  Keywords: Tetraploid wheat, high-quality genetic map, spkelumber per spike,

47  QTL mapping, genetic correlations, potential aggilmn
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50

51

52 Introduction

53  Wheat {riticumsp.) is among the most widely planted crops gletiakht provides
54  about 20% of the calories consumed by humhtip:(/www.fao.org/faostat

55  Breeding high-yield wheat cultivars is a sustairapproach to meet the demands
56  of a growing human population. Wheat yield is deieed by spike number per unit
57 area (SNPA), kernel number per spike (KNS), andddarveight (KW). KNS is

58 jointly determined by the spikelet number per sgiBBIS) and the kernel number
59 per spikelet (KNL). SNS depends on the numbertef#a spikelets produced before
60 the spike meristem transitions to the terminal slgik It is a complex quantitative

61 trait greatly affected by genetic and environmefaetors (Gao et al., 2019; Kuzay
62 etal., 2019). Therefore, dissecting the genetichaeism of SNS at the QTL level
63 can provide more insights into the role of SNSigld/formation (Ma et al., 2019a;

64 Yao et al., 2019; Chen et al., 2020; Li et al., P02

65 Afew genes related to spikelet number and morgyol@ave been reported. For
66 example, th&VHEAT FRIZZY PANICLE (WFZP) gene encodes a member of the
67 APETALAZ2/ethylene response transcription factor 28RF) family, which

68 influences the supernumerary spikelet trait in cammwheat (Dobrovolskaya et al.,
69 2015). Regulatory expression of the two pivotal 8owg genesPhotoperiod-1

70  (Ppd-1) andFLOWERING LOCUST (FT), increases the number of fertile spikelets
71 (Boden et al., 2015). The inflorescence growth aaie the development of paired
72  spikelets are controlled by tiEOSINTE BRANCHED1 (TB1) expression level

73  (Dixon et al., 2018). Similarly, the ortholog ofthiceAPO1, WHEAT ORTHOLOG
74  OF APO1 (WAPOQL) affects the spikelet number (Kuzay et al., 2019).

75  Overexpression ofaTFL-2D increases the number of spikelets and florets (/¢dn

76 al., 2017).
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More loci for SNS should thus be identified andizeid owing to its important role

in yield formation. Nonetheless, common wheat bregededuces the genetic
diversity among elite germplasm resources, thugsaly affecting wheat yield
(Cavanagh et al., 2013; Sthapit et al., 2020). blgtdhe numerous genetic
resources for agronomic traits and disease resistaom wheat related species may
effectively solve future wheat production challeng2aim et al., 2017; El Haddad et
al., 2021). As the progenitor of modern cultivatetiaploid and hexaploid wheat,
wild emmer wheatT. turgidum subspdicoccoides) is the secondary gene pool of
common wheat. It is resistant to various diseasdgassesses important agronomic
traits, thereby playing a potentially significanterin wheat breeding (Xie and Nevo,
2008; Yu et al., 2020). For examp¥ 15 derived from wild emmer wheat confers
resistance to yellow rugKlymiuk et al., 2018). The reduced-function all&hll-Al
increases the number of fertile florets per spik€akuma et al., 2019). Cognizant
of this, exploiting the genetic resources of wildreer wheat is crucial in solving the
existing bottleneck in wheat breeding. Wheat lacélsaare also primary materials
for wheat improvement. They contain unique geneue®s preserved under
long-term natural selection and human interventith strong adaptability to local
environmental conditions and high production potiiLopes et al., 2015; Crossa

et al., 2016).

In the current research, a high-quality genetic map constructed based on a RIL
population developed from the cross betwa&hinese landrace ‘Ailanmai’ and
wild emmer using the wheat 55K SNP array to idgr@frL for SNS, and major and
novel QTL were validated in the different genetckgrounds by KASP markers.

Materials and Methods

Plant M aterials

A tetraploid wheat population (AM population) coniag 121 kg recombinant

inbred lines (RILs, including two parental linegrived from a Chinese landrace
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104  ‘Ailanmai’ (AL, T. turgidum L. cv. Ailanmai, 2n=28, AABB) and a wild emmer
105 accession (LMOOIT. turgidum subspdicoccoides) were used in this study. AL is a
106  durum wheat landrace native to Sichuan ProvinceaClit has the advantages of
107  dwarf, multiple floret and strong environmental piddoility (Liu et al., 1999). AM
108  RIL population was developed aiming at identifyfagorable alleles from AL and
109 LMOO01 to speed up their breeding utilization. Thé&e morphology of the parents
110  and representative lines are shown in Figure 1oMajd novel SNS QTL identified
111 in the AM population were validated in two poputais including LM001x

112 PI1193877 T. turgidum ssp.dicoccon) (139 R lines) and AlLx AS2268 . carthlicum
113 Nevski) (100 E lines). The above plant materials were preseryetriticeae

114  Research Institute, Sichuan Agricultural University

115  Trait Measurement and Data Analysis

116  Trait measurements of AM population were perfornmeeight environments:

117 Chongzhou (103° 38’ E, 30° 32’ N) in 2017, 20181202020, and 2021 (EE,, Es,
118  E4 and E), Wenjiang (103° 51’ E, 30° 43’ N) in 2020 and 20%sand E), and

119  Ya’an (103° 0’ E, 29° 58’ N) in 2020 ¢k Field experiments adopted a randomized
120  complete block design, and were managed followmegconventional practices of
121 wheat production. The plot for a single line waaa®gplanted (0.1-m) in a single
122 1.5-m row with a 0.3-m of row spacing. The agronoimits were measured using
123  the methods described by Liu et al. (2020a). Sptkalmber per spike (SNS) was
124  measured by counting the spikelet number of the+spike per plant; plant height
125 (PH) was determined by the distance from the swfbse to the tip of the

126  main-spike (excluding awns) per plant; spike len@h) was measured by the

127 length from the base to the tip of the main-spikecluding awns) per plant; kernel
128  number per spike (KNS) was counted as the kermabew of the main-spike per

129  plant; spike density (SD) was calculated by dividihe SNS by SL; thousand kernel
130  weight (TKW) was calculated as 10 times the averagight of 100 seeds with three

131 repetitions in each line. Anthesis date (AD) wastiiimber of days between sowing
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132  and half of the plants flowering in each line (Mak, 2019a). Spike extension

133 length (SEL) was measured as the distance betwedrese of the main-spike and
134  the petiole of the flag leaf per plant (Li et 2020). At least four disease-free plants
135  with consistent growth status were selected forsmesments. The environmental
136  information of surveyed agronomic traits of AM pdgdion is listed in

137 Supplementary Table 1. Twao #alidation populations were grown in Chongzhou in

138 2021 and disease-free plants were selected to necabls.

139  The IBM SPSS Statistics 25 (Armonk, NY, USA) wasdiso analyze the

140  phenotypic data, including Pearson’s correlatioegdiency distribution, standard

141 error, and the Studentsest P < 0.05). The broad-sense heritabiliy?) and best

142  linear unbiased prediction (BLUP) of agronomictgdiom multiple environments

143  were calculated using SAS version 8Jary, North Carolina).
144  Construction of the Genetic Map

145  High-quality genomic DNA was isolated from freshves using the Plant Genomic
146 DNAKit (Tiangen Biotech, Beijing, China). The DN# 119 RILs and two parental
147  lines was subsequently genotyped by CapitalBio fieldyy (Beijing, China) using
148  the wheat 55K SNP array, and RILs were used f&alye map construction.

149  The genetic map was constructed following the nuttaescribed by Liu et al.

150  (2018) and Lin et al. (2021) . Firstly, the PolygHiResolution markers from A and
151 B genomes showing a minor allele frequerke®3) among the mapping population
152  were retained for subsequent analysis. Secon@hBIN function of QTL

153  IciMapping 4.1 (Meng et al., 2015) was used to yreathe remaining markers based
154  on their segregation patterns in the mapping pdipualawith the parameters

155  ‘Distortion value’ and ‘Missing rate’ being set@91 and 20%, respectively. A

156  single marker with the lowest ‘Missing rate’ in &duin (bin marker) was selected to
157  construct genetic maps. Finally, the bin markersevggouped and sorted using the

158  Kosambi mapping function in IciMapping 4.1 with tlogarithm of odds (LODY 6
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after preliminary analysis of SNP markers with L&&ues ranging from 2 to 10.
The genetic maps were drawn using MapChart 2.32r(\s, 2002). The syntenic
relationships between the genetic and physical rabgige bin markers were further

presented using the Strawberry Perl 5.24.0.1 (Reith2019).

QTL Analysis

QTL analysis was performed using the inclusive cositp interval mapping (ICIM)
in the Biparental Populations (BIP) module of QTiMapping 4.1. The LOD
threshold was set as 3.4 based on a test of 106fufsions in IciMapping which
was used to determine the threshold that corregubtuda genome-wide false
discovery rate of 5%(< 0.05), and loci detected in only single environigere
removed. The QTL-by-Environment interaction of Sikst was analyzed using the
function of multi-environment trials (MET-ADD) irciMapping (Step = 1 cM, PIN
=0.001, and LOD 3.4). Epistatic interaction of SNS QTL was alsentified using
the multi-environmental trials (MET-EPI) patternloiMapping. Based on the initial
QTL mapping results, we developed new KASP martedensify the genetic map
and narrow the mapping intervdhe genomic DNA of two parental lines was
collected and genotyped by CapitalBio TechnologgijiBg, China) using the wheat
660K SNP array. Polymorphic SNPs detected in initiapping region of two
parental lines were converted to KASP markers tmtype the mapping population

and integrated into the genetic map.

QTL identified in at least five environments (inding BLUP) and explained more
than 10% of the phenotypic variation were rega@echajor ones, while those
having common flanking markers were treated asg@lesione. QTL was then named
following the Genetic Nomenclature provision
(http://wheat.pw.usda.gov/ggpages/wgc/98/Intro)htmthe naming system, ‘Sau’
represented ‘Sichuan Agricultural University’. TR&s’ name ‘AM’ was also added

to the QTL's name to distinguish them from othexgarted previously.
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Sequences of the markers were blasted againstithendvheat (Svevo) (Maccaferri
et al., 2019), wild emmer (Zavitan; v2.0) (Zhu kt2019), and common wheat
genotype ‘Chinese Spring’ (CS; v2.1) (Zhu et &2P) genomes to identify their
physical positions. The Svevo and Zavitan genonmerg wsed when considering the
physical positions of QTL detected from AL and LMQ®@espectively. Predicted
genes mapped between the flanking markers andftimgition annotations and
expression patterns were obtained fromTthgceae Multi-omics Center

(http://202.194.139.3p/

QTL Validation

The tightly linked SNP markers of major and novsISSQTL were subjected to
develop KASP markers. KASP primers were designeldagplied following the
method of Tan et al. (2017). Each validation pofiorrewas divided into two
haplotype groups (with homozygous alleles from pagent) according to their
alleles present in parents and progenies. Phematyiiérences between the two

groups were analyzed using Studentsst P < 0.05).

Results

SNP Markers and Genetic Map

As suggested by the Affymetrix Company, the higbbability probes from the Poly
High-Resolution group only were reserved. Thus 483RPs with minor allele
frequency ¢ 0.3) among the mapping population were retainedoftowing

analysis. Subsequently, 823 markers from the D meneere rejected. Finally, 7901
SNP markers were classified into 1192 bins, andglesmarker with the lowest
‘Missing rate’ in each bin (bin marker) was scregteconstruct the genetic map.
The linkage analysis results revealed that 1150rarkers were mapped on 15
linkage groups. One linkage group was construaeedch chromosome except
chromosome 3B, which had two (Table 1 and Suppléangiable 2). Based on the
bin information, 6537 mapped markers (including@ b markers and 5387
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213 co-segregated markers) were integrated into thetgemap with a total length of
214  2411.8 cM (Table 1 and Supplementary Table 3).I&hgth of genetic map in each
215 linkage group ranged between 49.7 cM (3B1) and128Bl1 (5A). The average

216  distance of bin markers ranged between 1.09 cM &d)3.64 cM (3B2), with an
217  average density of one bin marker per 2.10 cM.Auraber of mapped markers
218  ranged between 37 on chromosome 3B1 and 944 omasmme 2A (Table 1 and
219  Supplementary Table 3). Notably, 56% and 44% ohtlapped markers were

220 distributed on A and B subgenomes, respectively.

221 Comparison of Genetic and Physical Maps

222 Considering that the parent accessions AL and LM@&E durum wheat and wild
223 emmer wheat, respectively, the sequences of thé Bipped markers were blasted
224  against durum wheat and wild emmer genomes toifgi¢heir physical positions
225  (Supplementary Table 3). The genetic chromosonealtionsof the 1150 bin

226  markers were compared with their physical chrom@ddocations in the durum

227  wheat genome. Among them, 1087 (94.52 %) markeraasth good consistencies
228  (Figure 2a), and 63 (5.48%) markers had incondistetomosomal locations. In the
229  wild emmer genome, the genetic chromosomal locatadir1 (6.17%) markers were
230 inconsistent with physical chromosomal locationkilevthe remaining markers

231 (1079, 93.83%) were well matched (Figure 2b). Nigtal®26 (89.22%) bin markers
232  had consistent chromosomal locations in genetic, mhayum wheat genome and
233  wild emmer genome. Similarly, the genetic mapshef@537 mapped markers were
234  compared with their physical maps (Supplementab}erad). 6242 (95.49%) and

235 6249 (95.59%) markers showed consistent chromoslocetions in the durum

236  wheat and wild emmer genomes, respectively, whi&l§92.26%) markers had

237  consistent chromosomal locations in genetic maptancphysical maps.

238  Phenotypic Variation

239 The SNS of AL and LMOO1 in multiple environmentsgad between 25.00 and
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240  27.00, and 23.33 and 26.00, respectively (Tabl@t2yt of AM RILs ranged between
241 15.33 and 34.00. There were no significant diffeesnin SNS between the two

242  parental lines. However, continuous variation aidlit&ctional transgressive

243  segregation was observed in the RIL populations&hesults suggested that it was

244  feasible to analyze the SNS loci in the currentubemon.

245 The broad-sense heritabilityl?) of SNS ranged between 0.93 and 0.97 in each
246  environment (Table 2), indicating that the SNSttnais mainly controlled by genetic
247  factors. Strong interaction was detected betweef &Nl environment$(< 0.01),
248  with significant correlation coefficients rangingtiveen 0.50 and 0.90 (Figure 3).
249  The frequency distribution of SNS in multiple emviments indicated that it was

250  polygenically inherited (Figure 3).
251  Genetic Correlations between SNSand other Agronomic Traits

252  Pearson’s correlations were analyzed between SNSearen other agronomic traits
253 based on the BLUP values (Table 3). SNS was sggmifly and positively correlated
254  with PH, AD, SL, SEL, KNS, and SD. However, SNS was significantly

255  correlated with TKW.

256  Analysisof QTL Associated with SNS

257  Five QTL for SNS were identified and distributedchromosomes 5A (1 QTL), 2B
258 (2), and 3B (2), with LOD scores ranging betwediband 21.49 (Table 4). They
259  explained 6.71-29.40% of the phenotypic variatiQfns.sau-AM-5A,

260 QSns.sau-AM-2B.3, andQShs.sau-AM-3B.2 were detected in at least five

261  environments and explained more than 10% of thagtypic variation, which were

262 treated as major QTL. And the other two QTL werniified as minor QTL.

263 QSns.sau-AM-5A was detected in five environments and locatedlif.a cM region
264  between AX-108790581 and AX-1115967%&laccounted for 8.27-12.09% of the
265 phenotypic variation (Table 4). AM population weligided into two haplotype
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266  groups based on the genotype of QTL's flanking merkand the effect of
267 QSns.sau-AY-5A.2 increased SNS significantly by 4.54-10.48% (Figtasg

268 QSns.sau-AM-2B.2 was stably identified in all environments, explami9.09-29.40%
269  of the phenotypic variation (Table 4). It was fyshapped between AX-111626925
270  andAX-111588559 (Figure 4bAX-95072014 andhX-109422178 were

271 polymorphic SNPs detected in initial mapping intdref two parental lines using

272  the wheat 660K SNP array. They were converted t&SRAnarkers

273  (KASP-AX-95072014 and KASP-AX-109422178) to gen@ype mapping

274  population and integrated into the genetic map. &gaimg results showed that

275 QSns.sau-AM-2B.2 was located in a 2.2 cM region between KASP-AX-2EDL4

276  andAX-111588559. The additive effect Qfns.sau-AM-2B.2 was negative,

277  indicating that the increasing SNS allele was dbuated by LM001.The effects of

278  QSns.sau-AM-2B.2 on increasing SNS in single environment ranged ffod@% to

279  12.18% (Figure 4bdShs.sau-AM-3B.2 was detected in five environments (Table 4).
280 It explained up to 15.46% of the phenotypic vaoitiThe positive allele of

281  QSns.sau-AM-3B.2 was from AL, and RILs containing the positive Hlef

282 QSns.sau-AM-3B.2 had a higher SNS than those containing the negatie. The

283 effect ofQSns.sau-AM-3B.2 significantly increased SNS by 5.02-10.14% in sengl

284  environment (Figure 4c).

285 The QTL-by-Environment interaction analysis idaetif47 QTL (Supplementary
286 Table 4). Five of them were the same as detectedlividual environment analysis,
287 indicating that they were stably expressed for SN&ddition, epistatic interaction
288 were also analyzed, and the results showed tha Were no epistasis effects

289  between five SNS QTL detected in the present s{Bdpplementary Table 5).

290 Effectsof Major QTL on Increasing SNS

291  The effects of three QTIQSnhs.sau-AM-5A, QShs.sau-AM-2B.2, and
292  QSns.sau-AM-3B.2) on increasing the SNS were further revealedemtlapping


https://doi.org/10.1101/2020.10.21.348227

bioRxiv preprint doi: https://doi.org/10.1101/2020.10.21.348227; this version posted June 29, 2021. The copyright holder for this preprint

293
204
295
296
297
208
299
300

301

302

303
304
305
306
307
308
309

310

311
312

313
314
315
316
317
318
319

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

population based on the genotypes of the flankiagkers (Figure 5). Compared to
the haplotype group that carried the negativeeslef three QTL, haplotype groups
with the favorable alleles from at least one QTdngficantly increased SNS. The
haplotype group containing the favorable allelesnfthree QTL significantly
increased SNS compared with those with two or singk, respectively. No
significant differences were detected among theggdtype groups with any two
positive allelesQShs.sau-AM-2B.2 had the largest individual positive effect on SNS.
However, there was no significant difference betwise individual effect athree

QTL on increasing SNS.

Validation of Major and Novel SNSQTL

The SNP markers closely linked @ns.sau-AM-2B.2 (AX-111588559) and
QSns.sau-AM-3B.2 (AX-110548993) were converted to KASP markers,dofy the
effects of them in two other populations (SuppletagnTable 6 and Figure 6).
Since the favorable alleles @Bns.sau-AM-2B.2 and QShs.sau-AM-3B.2 were from
LMOO1 and AL, respectively, haplotype group witmimzygous alleles of LM001
showed a significant increase in SNS by 8.33% (feida) and those from AL
increased SNS significantly by 6.00% (Figure 6b).

Discussion

Exploration of the SNS L oci from Tetr aploid Wheat Species Using the Wheat
55K SNPArray

Previous studies have reported on SNS in tetraplbieiat at the QTL level. Peng et
al. (2001) identified four SNS QTL, explaining datioof 49.3% of the phenotypic
variation in a wild emmer x durum wheatd®pulation genotyped using restriction
fragment length polymorphisms (RFLP) markers. Ggpiag of the durum x
cultivated emmer wheat RIL population with the $S¢€lect SNP chip identified
four SNS QTL on chromosomes 1B, 3B, 7A, and 7Bifairal., 2014a). In the

same time, a linkage map of chromosome 2A genenatie Langdon x
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320 Langdon-wild emmer wheat substitution lines popatatonsisting of 23 simple

321  sequence repeat (SSR) markers was used to idant®BNS QTLQSpn.fcu-2A,

322 explaining 19.4% of the phenotypic variation (Fatsl., 2014b). SNS QTL,

323  Q%pn.fcu-1B, andQSpn.fcu-5A, have been identified in a durum x cultivated emme
324  wheat population genotyped using the 90K iSeleetyaiSharma et al., 2019). These
325 reports enhance our understanding of the genetitbamésm of SNS in tetraploid

326 wheat.

327 The wheat 55K SNP array was developed based aetbetion and optimization of
328 the 660K SNP array which was designed based omladatetraploid and diploid
329 wheat, and has the advantages of being efficiamhjanome-specific (Sun et al.,

330 2020). It has been widely used for genotyping agmkgic loci identification of

331 agronomic traits and disease resistance in breadt(Ren et al., 2018; Ma et al.,
332 2019b; Liu et al., 2020b; Ma et al., 2020; Tu et 2021). To the author’s knowledge,
333 thisis the first study to adopt the wheat 55K SRy to construct the genetic

334 linkage map of a tetraploid wheat RIL populatiomr@esults confirm thé&easibility
335 of using a 55K SNP array developed for common wfeagenetic mapping of

336 tetraploid wheat, thus proving its broad utilizatio

337  Comparison of theMajor SNS QTL Identified with those of Previous Studies

338 There was no significant difference for SNS detietween the parental lines in
339 multiple environments (Table 2). The phenotypicadait SNS in the six

340 environments showed approximately normal distrdou(Figure 4). Three major and
341  stably expressed QTL for SNS were identified. hisnomenon is attributed to the
342 transgressive inheritance in progenies that réstiite bidirectional segregation of
343 SNS. Several genes controlling SNS may inhibit esblr in a given parental

344  genotype resulting in the absence of the correspgmhenotype in the parents.

345 However, a single locus produced by genetic recoatimin between parental

346  genotypes can display a conspicuous phenotypeiprbgenies without interference

347  from other loci that control the same trait. Thgan&NS loci in the AM RIL
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population can thus be identified. This is not unomn in the past studies of QTL

identification based on RIL populations (Liu et 2020a; Shang et al., 2020).

Physical locations of known SNS QTL were detectederify whether major QTL
were novel (Supplementary Table M) wild emmer genomeé)Shs.sau-AM-5A was
physically located on chromosome arm 5AL at 55A72:41 Mb, overlapping with
QSps.cecsu-5A.2 (568.96-662.44 Mb) (Kumar et al., 2007) &paL1755 5A
(569.50-579.91 Mb) (Peng et al., 2003), indicatimaf they are likely alleles.
QSns.sau-AM-2B.2 was located at 731.25-731.60 Mb on chromosome2&imin

wild emmer genome. Previous studies have deted¢t&I@TL on chromosome arm
2BS. However, none has been reported on 2BL. Fampile,Qspn-2007 was

located on chromosome arm 2BS with the closest enatgwm429 (Manickavelu

et al., 2011)QFsn.sdau-2B-1 was located on chromosome arm 2BS, explaining up
to 28.43% of the phenotypic variation (Deng et2017). Some genes regulating
SNS, such aBpd-B1 (Mohler et al., 2004) and/FZP-2B (Dobrovolskaya et al.,
2015), have also been detected on chromosome a8ni@Bhe durum wheat
genomeQSs.sau-AM-3B.2 was located on chromosome arm 3BS at 65.87-72.59
Mb. Similarly, Cui et al. (2012) identified two QTRSpN.WJ.3B.1 and
QSon.WY.3B.1, all closely linked to the locus Xgwm566. Azadegt(2015) detected
three QTL for SNS on chromosome arm 3BL. Compaitiegphysical positions of
three major QTL with those previously reported aades thaQShs.sau-AY-2B.2 and
QSns.sau-AY-3B.2 are probably novel loci controlling SNS in teti@iglwheat.

Potential Candidate Genesin the Physical | ntervals of QSns.sau-AM-2B.2

QSns.sau-AM-2B.2 was physical located in a 0.35 Mb region of wildneen genome,
and 4 genes and 3 functional orthologs were aresi{@upplementary Table 8a).
QSns.sau-AM-3B.2 was located in a 6.72 Mb interval of durum wheaigmne with
62 genes and 38 functional orthologs (Supplemerfialoje 8b). Since the physical
interval ofQSns.sau-AM-2B.2 contains only 3 orthologs, it is valuable to amaly

function annotations and expression patterns tdigireandidate genes.
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376  TRIDC2BG075290 encodes a protein kinase which involves in cglhai

377  transduction and plant growth. Previous researgbrtedwheat protein kinase gene
378 TaSRK2.9[C 5A was signifcantly correlated with high thousamdriel weight and

379  high kernel per spike (Ur Rehman et al., 2019)gestng that protein kinasan

380 have a positive impact on agronomic traits. In &oidj Stomatal opening factor 1

381 (OST1, hRK2.6) is a homologous gertd TRIDC2BG075290 in Arabidopsis. OST1
382 can promote the expressionFAfOWERING LOCUSC (FLC) to patrticipate in the
383 regulation of flowering by ABA (Wang et al., 2018Jhich may affect inflorescence
384 development and the formation of spikel&RIDC2BG075310 and

385 TRIDC2BG075320 all encode SAUR-like auxin-responsive protein.ds ibeen

386 reported that plant SAUR-like auxin-responsive @irofamily is involved in the

387 growth of roots, hypocotyls, leaves and stamens€Gt al., 2012; Hou et al., 2013).
388  Expression patterns analyses showed TRHDC2BG075290 has higher expression
389 levels in spike and flag leaf (Supplementary FiglixrdRIDC2BG075310 has a high
390 expression level throughout the spike developmzges whileTRIDC2BG075320

391 is only expressed in spike. Therefore speculate that these 3 functional orthologs
392 may affect the wheat inflorescence developmentchvban be further determined by

393 fine mapping and gene cloning in future.

394  Phenotypic Correlations of Agronomic Traits

395 SNS was significantly and positively correlatednaitH in the present study (Table
396 3). This finding was consistent with that of Ajnedlal. (2009) and Wu et al. (2012).
397  We speculate that SL is part of PH, and the tallemts have a long spike with more
398 spikelets (Yao et al., 2011). There was a signifi@éad positive relationship between
399 SNS and AD (Table 3), consistent with the resuitsla et al. (2019a). It is supposed
400 that wheat plants that take longer to flower temgroduce longer spikes with more
401  spikelets (Shaw et al., 2013; Kamran et al., 2@btlen et al., 2015). These results

402 indicate that AD plays an important role in spikdétgmation.

403  Similarly, there was a strong significant and pesitorrelation between SNS and
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404 SL (Table 3). The increase in SL requires a losgéte development stage

405 combined with optimal temperature and light to potenspikelet germination (Shaw
406 etal., 2013). On the whole, floret fertility detgnes the KNS in wheat. More

407  spikelets produce more fertile florets, therebyeaasing the KNS (Gao et al., 2019;
408 Sakuma et al., 2019). This reason potentially chtise SNS to be significantly and
409  positively correlated with KNS (Table 3). MoreovBINS was significantly and

410  positively correlated with Sbecause SD is the ratio of SNS to SL (Table 3).

411 It is postulated that there is a negative correfalietween SNS and TKW (Li et al.,
412  2007; Ma et al., 2019a). The negative correlatsoatiributed to source limitations
413  during kernel filling or more kernels with lower KW the spike’s distal positions
414  (Quintero et al., 2018). Previous studies also sagthat SNS is negatively

415  correlated with SEL because of competition in paidissimilation between SNS
416  and SEL (Bancal, 2008; Li et al., 2020). Howeveese conclusions are inconsistent
417  with the findings of this study. Herein, SNS wasigigely correlated with TKW and
418 SEL (Table 3). It probably indicates that the logntrolling SNS play an individual
419  role without interacting with SEL. Previous studpestulate that SEL has a special
420 function in photosynthesis and nutrients and wstigiage (Bridgemohan and

421 Bridgemohan, 2014; Avila-Lovera et al., 2017). ®iere, a longer SEL is more
422  conducive for ventilation and transportation of enautrients and water to kernels

423  thereby increasing the KW.

424  These conclusions are vital in comprehensively tstdading the complex

425  relationships in agronomic traits, and provide mesights into wheat yield

426  improvement. KNS is one of the primary determinanftgrain yield. Therefore,

427  wheat breeding programs should focus on increaShki§ under moderate SD in the

428  present study.
429  Conclusion

430 Herein, the wheat 55K SNP array was successfuéig g construct a high-quality
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431  genetic map that identified five QTL for SNS inedraploid wheat RIL population.
432  The additive effects of the major SNS QTL in ingieg SNS were revealed in the
433 mapping populatiorQShs.sau-AM-2B.2 andQShs.sau-AM-3B.2 were major and
434  novel QTL, and their effects were successfulljidated in other genetic

435  backgrounds using closely linked KASP markers. géeetic correlations between
436  SNS and other agronomic traits were also evaludieel novel genetic loci of SNS
437  and tightly linked KASP markers will be valuablefurther fine mapping and gene

438  cloning.
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Table 1 Information of SNP markers in the constructed ¢jemeap

Chromosome Group Number of Number of Length Density
bin markers mapped markers (cM) (cM/bin)
1A 1 101 586 153.3 1.52
1B 1 69 488 149.3 2.16
2A 1 66 944 161.8 2.45
2B 1 92 424 183.7 2.00
3A 1 99 517 161.0 1.63
3B 1 17 37 49.7 2.92
2 27 174 98.4 3.64
4A 1 80 282 199.9 2.50
4B 1 77 422 83.7 1.09
5A 1 92 298 225.1 2.45
5B 1 121 674 207.5 1.72
6A 1 60 636 167.0 2.78
6B 1 58 160 162.5 2.80
TA 1 92 395 214.2 2.33
7B 1 99 500 194.8 1.97
A genome 7 590 3658 1282.2 2.17
B genome 8 560 2879 1129.6 2.02

Total 15 1150 6537 2411.8 2.10
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Table 2 Phenotypic data and heritability?) of spikelet number per spike (SNS) for
the AM population in multiple environments

. Parents AL x LMO0O01 (AM)
Environment ; 5
AL LMO001 Min-M ax Mean SD H
Ex 25.00 2433 20.00-31.67 2596 256 0.95
= 26.00 23.33 15.33-33.00 2441  3.22 0.97
Es 26.33  26.00 17.00-31.25 2481 280 0.96
Es 26.00  25.40 18.00-32.00 26.21 2.87 0.96
Es 27.00 24.60 18.50-31.00 2499 242 0.95
Es 2580  25.40 20.00-34.00 26.76  2.69 0.96
E; 23.40  24.25 15.75-31.00 23.68 2.62 0.95
Es 2544  24.67 18.50-30.67 2493 255 0.95
BLUP 25.60 24.78 18.41-30.10 2522 212 0.93

BLUP phenotype values based on the best linear unbjaeeddttion,SD standard
deviation,H? the broad-sense heritability
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Table 3 Correlations between spikelet number per spikeS)Sihd other agronomic
traits in the AM population

Trait Spikelet number per spike (SNS)
Plant height (PH) 0.30**

Anthesis date (AD) 0.34**

Spike length (SL) 0.70**

Spike extension length (SEL) 0.23*

Kernel number per spike (KNS) 0.36**

Spikedensity (SD) 0.32**

Thousand kernel weight (TKW) 0.14

*Significance level aP < 0.05, **Significance level & < 0.01
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Table 4 Quantitative trait loci (QTL) for spikelet numbgeer spike (SNS) identified in multiple environmemtghe AM population

QTL Env. Interval (cM) Left Marker Right Marker LOD PVE (%) Add Physical postion (Mb)
QSns.sau-AM-5A E; 116.1-131.9 AX-108790581 AX-111499991 5.62 12.07 -0.95 557.72-571.41
Es 131.9-135.2 AX-111499991 AX-111596791 4.01 8.27 -0.83
E4 116.1-131.9 AX-108790581 AX-111499991 3.55 10.34 -0.95
E; 116.1-131.9 AX-108790581 AX-111499991 8.17 9.1812.0 -0.85
BLUP 116.1-131.9 AX-108790581 AX-111499991 6.61 9 -0.75
QSssau-AM-2B.1 Ey 113.7-114.6 AX-109421413 AX-109506426 3.90 15.66 -0.75 710.11-717.87
Es 113.7-114.6 AX-109421413 AX-109506426 3.82 7.54 -0.63
QSssau-AM-2B2 E; 131.3-132.2 KASP-AX-109422178 AX-111588559 9.02 17.99 -1.16 731.25-731.60
E 131.3-132.2 KASP-AX-109422178 AX-111588559 5.10 9.09 -1.06
Es 131.3-132.2 KASP-AX-109422178 AX-111588559 11.14  26.57 -1.48
E4 131.3-132.2 KASP-AX-109422178 AX-111588559 7.35 15.79 -1.17
Es 130.0-131.3  KASP-AX-95072014 KASP-AX-109422178 4.97 20.39 -0.85
E; 130.0-131.3  KASP-AX-95072014 KASP-AX-109422178 21.49  25.60 -1.41
Es 131.3-132.2 KASP-AX-109422178 AX-111588559 8.87 19.32 -1.00
BLUP 131.3-132.2 KASP-AX-109422178 AX-111588559 1597  29.40 -1.16 25.95-47.1%
QSssau-AM-3B.1 E4 22.7-42.5 AX-110399975 AX-109050064 6.61 17.54 1.26
Es 22.7-42.5 AX-110399975 AX-109050064 3.97 11.85 1.02
Es 22.7-42.5 AX-110399975 AX-109050064 7.63 16.78 0.95 65.87-72.58
QSssau-AM-3B.2  E; 48.3-49.7 AX-109393346 AX-110548993 4.82 9.04 085
E. 47.0-48.3 AX-109876826 AX-109393346 3.86 6.71 0.94
Es 48.3-49.7 AX-109393346 AX-110548993 5.84 12.67 1.05
E; 47.0-48.3 AX-109876826 AX-109393346 1477  15.46 1.12
BLUP 48.3-49.7 AX-109393346 AX-110548993 8.64 14.27 0.83
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Env. EnvironmentBLUP best linear unbiased predictidr®D logarithm of oddsPVE phenotype variance explaine&jd additive effect,
positive values: positive alleles from AL, negatixadues: positive alleles from LMOORhysical position® the flanking marker sequences of
QTL which positive alleles detected from LM001 wetasted against wild emmer genome to get physizsitions;Physical position”those
detected from AL were blasted against durum wheabme to get physical positions
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Figure Legends

Figure 1 The spike morphology of the parents and represeatines from the AM

population. (scale bar = 2 cm).

Figure 2 The syntenic relationships between the genetigaigdical maps of bin
markers. Gen-1A to Gen-7B represented the 15 clsomal genetic maps used in
the current study; Phy-1A to Phy-7B representedlthehromosomal physical maps

of (a) durum wheat andbj wild emmer genomes.

Figure 3 The phenotype, frequency distribution, and coti@tacoefficients of
spikelet number per spike (SNS) in multiple envinemts. **Significance level &

< 0.01.

Figure4 AM RILs were divided into two haplotype groups &aon the genotype of
flanking markers, and the SNS differences causdatiéygorresponding QTL were
represented. Genetic maps &f QShs.sau-AM-5A, (b) QShs.sau-AM-2B.2, (c)
QSns.sau-AM-3B.2 and their effects. *Significance levelRk 0.05, **Significance
level atP < 0.01.

Figure5 The additive effects dpSns.sau-AM-5A, QSns.sau-AM-2B.2, and
QSns.sau-AM-3B.2 on increasing SNS. '+’ and ‘-’ represented hagetgroup with
and without the positive allele of the correspogd®TTL based on the genotype of
flanking markers, respectivelyetters a, b, ¢, and d represent significant difiee

among haplotype group.

Figure 6 Validation of(a) QShs.sau-AM-2B.2 (KASP-AX-111588559) and
QShs.sau-AM-3B.2 (KASP-AX-110548993) in LMOO0X P1193877 and Alx AS2268
populations by Studenttstest, respectively. **Significance level Rk 0.01.
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Supplementary M aterials

Supplementary Figure 1 Expression patterns at the different developmiggesof 3
functional orthologs in the physical interval@8ns.sau-AM-2B.2. (a)
TRIDC2BG075290; (b) TRIDC2BG075310; (c) TRIDC2BG075320.

Supplementary Table 1 Environmental information of surveyed agronomidt$rin

AM population.

Supplementary Table 2 The 1150 bin markers were used for QTL mapping.

Supplementary Table 3 Comparison of the genetic and physical position85&7

mapped markers (including bin markers and co-sedeegnarkers).

Supplementary Table 4 Quantitative trait loci (QTL) detected in the

QTL-by-Environment interaction module.

Supplementary Table 5 Epistasis interaction analysis of QTL for spikelatnber per
spike (SNS).

Supplementary Table 6 Details of KASP markers.

Supplementary Table 7 Comparison of the major quantitative trait loci (QTvith

loci previously reported for spikelet number peikedSNS).

Supplementary Table 8 Predicted genes in the physical interval of

QSns.sau-AM-2B.2 andQShs.sau-AM-3B.2.
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