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Abstract

:

The Ynbs (Yunnan branched-spike) mutant of naked barley with a branched spike displays some special traits, such as more degenerated multiple spikelets per spike and florets per multiple spikelets and a lower seed-setting rate. However, there is still a lack of understanding the loci of the trait. In the present study, the Ynbs mutant was crossed with Baodamai8 to breed F2 and F2:5 populations. The F2 and F2:5 populations were successively employed to map the loci for a branched spike, triplicate (or multiple) spikelet number per spike (T(M)SNS), degenerated triplicate (or multiple) spikelet number per spike (DT(M)SNS) and floret number per triplicate (or multiple) spikelet (FNT(M)S). The genetic interval mapped through the F2:5 population was flanked by markers HvSSR4 and HVSSR20, and, within that, mapped through the F2 population. The genetic distance of the branched-spike locus to HVSSR20 locus, T(M)SNS, FNT(M)S), and DT(M)SNS is 1.86 centiMorgan (cM), 0.27 cM, and 0.73 cM, respectively. The Morex genome sequence defined by markers HvSSR4 and HVSSR20 harbored 18 genes, among which HORVU.MOREX.r3.2HG0114260 belonged to the AP2/ERF domain transcription factor gene superfamily. In the Ynbs mutant, the C base at site 232 of the code domain sequence of the gene was substituted with T, leading to the substitution of arginine with cysteine at site 78 in the DNA-binding domain of the encoded protein. The gene harbors a new allele mutant in the Ynbs mutant and exhibits a pleiotropy in the development of a branched spike, spikelet, and floret. The results provide valuable information for elucidating the development mechanism of barley young spike.
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1. Introduction


The inflorescence of barley (Hordeum vulgare L.) is composed of an unbranched rachis and triplicate spikelet attached to the rachis node in a one-to-one manner [1]. A triplicate spikelet consists of three sessile single-floret spikelets [1]. The sessile single-floret spikelet is composed of two glumes and one floret. As a basic unit of sexual reproduction, a fertile floret can bear only one grain after fertilization [2]. Except for a few rachis nodes on the base or top, each of barley rachis nodes can bear a triplicate spikelet [3]. Since there is not any branch on the rachis, the growth space of the triplicate spikelet is limited by the rachis length and rachis node density in barley [4,5]. Mapping and screening the genes of spike rachis length, rachis node density, triplicate spikelet number per spike, and floret number per triplicate spikelet is helpful for elucidating the young spike development mechanism in and innovating the high-yield breeding theory of barley.



The triplicate spikelet number per spike, rachis length, and rachis node density of barley are all quantitative traits that are genetically controlled by multiple genes [6,7]. Based on the studies of linkage and genome-wide association; the QTLs of rachis length were mapped on 7 chromosomes, the QTLs of floret number per spike were mapped on Chr2H, Chr4H, and Chr6H; and the QTLs of spikelet number per spike and grain number per spike were mapped on all the chromosomes except Chr6H [7,8,9,10,11,12,13,14,15]. Due to the influence of genetic background and environmental factors, the QTLs and their genetic effects on a special trait differ among the reports by different scholars, and most of the reported QTLs are minor loci [8,9,10,11,12,13,14,15,16]. Some of the above QTLs were believed to harbor row-type gene Vrs, indicating that the row-type genes may be involved in the genetic regulation of rachis length, rachis node density, and grain number per spike, in barley.



Although some QTLs of the above traits have been mapped, the studies were all conducted by barleys with the classic spike [10,15,17,18]. Due to the limitation posed by the genetic mechanism of inflorescence structural elements, such as rachis length, triplicate spikelet, and florets, it is difficult to map the regulatory genes of transformation from inflorescence meristem to spikelet meristem, maintenance of the activity of spikelet and floret meristems and their lateral proliferation ability, by using barleys with classic spike [19,20]. In a branched-spike mutant, the branched-spike primordia have been effectively activated, the spikelet primordia could only be expressed ectopically in the branched rachis node, and the activity maintenance and lateral amplification ability of spikelet and floret meristems were effectively increased [21]. Therefore, a branched-spike mutant can effectively compensate for the shortcomings of classical-spike barley in gene or QTL mapping.



Beiqing7 is a six-rowed highland barley variety with an unbranched spike, characterized by some excellent traits, such as high yield, stable yield, and wide adaptability [22]. By using EMS (Ethylmethylsulfone) to mutate the mature seed of Beiqing7, a naked barley mutant with a branched spike (Ynbs mutant) was successfully bred by our research group [23,24,25,26]. In addition to the branched spike, the Ynbs mutant also displays some special spike characteristics, such as the ectopic expression of multiple spikelets and its floral meristems on branched rachis nodes, more florets per multiple spikelets, and more degenerated multiple spikelets per spike. In order to effectively utilize the advantages of the Ynbs mutant in the mapping of the above trait gene loci, F2 and F2:5 populations from the cross (Ynbs mutant/Baodamai8) were successively developed. This study aimed to map the gene loci for branched spikes, T(M)SNS, DT(M)SNS, and FNT(M)S (hereinafter referred to as target traits) using the two populations and provide some new genes for elucidating the young spike development mechanism and innovating the high-yield breeding theory of barley, especially highland barley.




2. Materials and Methods


2.1. Materials


Three barley genotypes, Beiqing7, Ynbs mutant, and Baodamai8, were used as experimental materials in the present study. Among them, Beiqing7 is a major six-rowed spike barley variety that has been planted in Qinghai Province, China, for many years. The Ynbs mutant was bred through EMS mutagenesis of the Beiqing7 mature seeds by our research group. Baodamai8 is also a major six-rowed spike barley variety that has been planted in Yunnan Province, China, for many years. The F2 population (199 plants) was bred through self-breeding of F1 plants from the cross (Ynbs mutant/Baodamai8), and the F2:5 population (140 plants) was bred from the F2 plants and their descendants through single-seed descent.




2.2. Agronomic Trait Investigation and Data Analysis


The experimental materials were planted in the experimental farm of Yunnan Agricultural University. The F2 materials and their hybrid parents were planted on 10 November 2017, and the F2:5 materials and their hybrid parents were planted on 9 November 2020. Single-seed sowing with 20 cm per row and 5 cm per plant was employed to plant the materials. The other management measures were basically the same as those used for conventional field production.



At the grain-filling stage, the four target traits of the plants of the hybrid parents, F2 population, and F2:5 population were investigated according to the method reported by Wang et al. [26]. SPSS 20.0 software was employed to analyze the phenotypic mean difference in the three quantitative traits out of the four target traits between different parents, unbranched-spike plants, and branched-spike plants of the F2 population and F2:5 population. The thresholds for significant difference and extremely significant difference were 5% and 1%, respectively, in the present study.




2.3. Mapping the Gene Loci for Four Target Traits of F2 Plants


At the 5-leaf stage, the young leaves of the hybrid parents and each F2 plant used in the present study were collected and then used to extract genomic DNA by the cetyltrimethylammonium bromide (CTAB) method. The quality of the extracted DNA was detected by 0.8% agarose gel electrophoresis, and the DNA concentration was determined by UV spectrophotometry. Barley genome-wide polymorphic specific locus amplified fragment (SLAF) markers reported by Wang et al. [26] were used for genotyping the F2 plants. The software QTL IciMapping 4.0 was used to draw a high-density genetic map of the polymorphic SLAF markers and preliminarily mapped the gene loci of the four target traits.




2.4. Mapping the Gene Loci for Four Target Traits of F2:5 Plant


The Morex genome of the physical interval, defined by the markers flanking the above, that preliminarily mapped the loci of the four target traits was downloaded from the barley genome database (http://plants.ensembl.org/Hordeum_vulgare/Info/Index, accessed on 20 December 2020). The Primer Premier 5.0 software was used to design the primers for genome-sequence-specific markers, and then the Primer-BLAST module from the NCBI database was used to evaluate primer specificity based on an alignment between the Morex genome sequence and primer sequence. The primers were synthetized by Sangon Biotech (Shanghai) Co., Ltd. (Shanghai, China) The genomic DNAs of Ynbs mutant and Baodamai8 were used as templates to amplify the marker fragments. The amplified products were detected by 8% polyacrylamide gel electrophoresis, and then polymorphic markers were screened according to the detected marker fragment differences. The genome DNAs of the hybrid parents and each F2:5 plant used in the present study were extracted by the method described in the above Section 2.3. The selected polymorphic markers were employed to identify the genotypes of the F2:5 plants. The marker genotype data of the F2:5 plants were used to construct a genetic map of the polymorphic markers, and then the marker genotype data and the genetic map were together used to verify and further map the gene loci of the four target traits by the methods described in the above Section 2.3.




2.5. Annotation and Screening of Candidate Genes


The Basic Local Alignment Search Tool (BLAST) from the NCBI database was employed to detect a physical interval defined in the Morex genome by the markers flanking the mapped gene loci by the F2 plants. The Morex genome sequence within the defined physical interval was used to annotate candidate genes for the four target traits, and then the coding domain sequences (CDSs) of the annotated genes and the amino acid sequences of the putative proteins encoded by the annotated genes were collected. Based on the InterPro database (http://www.ebi.ac.uk/interpro/result/InterProScan/#table, accessed on 20 October 2021), the structural domains and functional domains of the above proteins were predicted. The FastPure® Plant Total RNA Isolation Kit was used to extract the total RNAs from young spikes at the jointing stage, and then the extracted RNAs were reversed by using the Hiscript®III 1st Strand cDNA Synthesis Kit. The cDNAs from Beiqing7 and the Ynbs mutant were used as templates to specifically amplify the coding domain sequences (CDSs) of the above annotated genes by using 2×Phanta® Flash Master Mix (Dye Plus) p520 high-fidelity enzyme. The PCR amplifications were conducted according to the usage instructions of the used enzyme, with an optimized primer annealing temperature (61 °C). The amplified products were sequenced by Sangon Biotech (Shanghai) Co., Ltd. ClusterX software was used to align the annotated gene CDS of Beiqing7 and Ynbs mutant, and the amino acid sequences of putative proteins coded by the annotated gene orthologs of different species. Finally, the sequence differences were used as evidence to screen the candidate genes of the four target traits from the annotated genes.





3. Results


3.1. Differences in Target Trait Phenotypes between Different Materials


Compared with Baodamai8, the Ynbs mutant displayed a typical branched spike, multiple spikelets borne on the branched rachis node (Figure 1A–F), and multiple spikelets obviously degenerated on base and top rachis node of the Ynbs mutant spike (Figure 1A,B). The results from the variance analysis showed that the multiple spikelet number per spike of the Ynbs mutant was significantly lower than the triplicate spikelet number per spike of Baodamai8 (Figure 1G), and the degenerated multiple spikelet number per spike and floret number per multiple spikelets of the Ynbs mutant were significantly higher than the degenerate triplicate spikelet number per spike and floret number per triplicate spikelet of Baodamai8 (Figure 1H,I). The phenotypic difference trends of the four target traits between the branched-spike plants and unbranched-spike plants were the same in F2 (Figure 1J–L) and F2:5 (Figure 1M–O) populations as those in the hybrid parents. The results showed a genetic association of branched spikes with T(M)SNS, DT(M)SNS, and FNT(M)S in the Ynbs mutant.




3.2. Mapping the Gene Loci for the Four Target Traits of the F2 Population


The 14348 SLAF markers reported by Wang et al. [26] and QTL IciMapping 4.0 software were employed to detect the gene loci of the four target traits throughout the barley genome. However, Chr2HS was the only chromosome that harbored a desired locus, which was shared by the four target traits and mapped within a genetic interval between Marker 310119 and Marker 267945, but the two markers define a large physical interval of 5.47 Mb (52,790,674 bp to 58,259,335 bp) in the Morex genome. The gene locus could explain 52.68% of the phenotypic variation from T(M)SNS, 66.24% of the phenotypic variation from DT(M)SNS, and 57.22% of the phenotypic variation from FNT(M)S (Figure 2).




3.3. Mapping the Gene Loci for the Four Target Traits of the F2:5 Population


To verify and further map the loci mapped by using the F2 population, 149 specific markers were developed based on the Morex genome sequence of the physical interval defined by two SLAF markers (Marker 310119 and Marker 2679451). Among the markers, 16 markers showed stable polymorphism between the genomes of the Ynbs mutant and Baodamai8 (Figure 3A, Supplementary Table S1) and could be used to identify the genotype of the F2:5 plants in the population (Figure 3B). Based on the genotype data of 140 individual plants of the F2:5 population, a genetic map harboring the above 16 polymorphism markers was constructed with a length of 19.65 cM (Figure 3C). In the genetic map, the order of the 16 markers was highly consistent with their physical order in the Morex genome (Figure 3C,D); the maximum genetic distance and minimum genetic distance between the markers was 6.13 cM and 0.26 cM (Figure 3C), respectively. This genetic map could accurately reflect the positional relationship between the 16 polymorphism markers in the Morex genome and could be used to map the gene loci of the four target traits.



Based on the constructed genetic map, the four target trait gene loci were detected again on Chr2HS and mapped in a genetic interval defined by two polymorphism markers, HvSSR4 and HvSSR20, and the two marker loci are located within the physical interval defined by the two SLAF markers (Marker 310119 and Marker 2679451), with a genetic distance of 6.13 cM and a physical distance of 1.57 Mb (45,659,018 bp–47,232,898 bp), and the physical distance was significantly shortened by 3.90 Mb. The genetic distances from the branched-spike gene locus to the marker locus of the HVSSR4 and HVSSR20 locations were 4.27 cM and 1.86 cM, respectively. The gene locus of T(M)SNS (LOD = 4.29, PVE = 13.91%) and FNT(M)S (LOD = 13.19, PVE = 35.95%) was mapped at the same site between the branched-spike gene locus and HVSSR4 locus, and the genetic distances from this gene locus to the branched-spike gene locus and HVSSR4 locus were 0.27 cM and 4.00 cM, respectively. The gene locus of DT(M)SNS (LOD = 5.61, PVE = 17.14%) was mapped between the branched-spike gene locus and HVSSR20 locus, and the genetic distances from this gene locus to the branched-spike gene locus and HVSSR20 locus were 0.73 cM and 1.13 cM, respectively.




3.4. Screening of the Candidate Genes for the Four Target Traits


Based on the Morex genome sequence of the physical interval defined by the markers HVSSR4 and HVSSR20, 18 candidate genes were identified and annotated. The candidate genes were divided into 14 types based on their domains and other features. Two of these types, the SRC2/BAP C2 domain superfamily and the aspartate peptidase domain superfamily, both included three candidate genes, while the others included only one (Table 1).



One candidate gene, HORVU.MOREX.r3.2HG0114260, was located within the physical interval from 46,712,521 bp to 46,713,444 bp in the Chr2HS genome of Morex, and the physical distances from the gene to HvSSR4 and HvSSR20 were 1.05 Mb and 0.52 Mb, respectively (Figure 3D). The result from sequence alignment showed that the putative protein encoded by HORVU.MOREX.r3.2HG0114260 shared the same amino acid sequences as the protein encoded by the barley branched-spike gene COM2, consisting of 307 amino acids, and belonged to the AP2/ERF domain transcription factor family. The alignment between the coding domain sequence of HORVU.MOREX.r3.2HG0114260 from the Ynbs mutant and Beiqin7 showed that the C base at position 232 was substituted with T (Figure 4), which caused an amino acid substitution of arginine with cysteine at position 78 (R78C) within the DNA-binding domain of the AP2/ERF structural domain in the encoded protein (Figure 5, Supplementary Table S2), but the CDSs of the other 17 annotated genes from the Ynbs mutant were same as those from Beiqing7.





4. Discussion


Previous studies have shown that all barley chromosomes except Chr6H harbor the gene loci of spikelet number per spike, but only Chr2H, Chr4H, and Chr6H harbor the gene loci of floret number per spike [8,9,10,11,12,13,14,15,16]. However, the gene loci and their genetic effects are different among the reports by different scholars, and there are few reports about the gene loci of Chr2H for DT(M)SNS and FNT(M)S too. By successively using the populations of F2 and F2:5 in the present study, the three gene loci for the four target traits were successfully mapped on Chr2HS, showed an LOD value greater than 4.00, and could explain the more than 13% phenotypic variations from corresponding traits. According to the classification standard of the major gene locus reported by Tanksley [28], these gene loci are all major loci. Among them, the gene loci of DT(M)SNS and FNT(M)S were still the first reported, to date.



Based on the Morex genome sequences of the interval defined by two markers (HVSSR4 and HVSSR20), 18 candidate genes were annotated, among which HORVU.MOREX.r3.2HG0114260 belonged to the AP2/ERF domain superfamily harboring a DNA-binding domain. In rice, the gene FZP of HORVU.MOREX.r3.2HG0114260 can regulate floral organ development by regulating the transcription level of the OSMADS box gene [29,30]. Several AP2/ERF domain genes were also identified in barley, such as COM2, HVZEO1, and INT-M. The HVZEO1 gene can control spikelet density by regulating the length of the barley rachis node [4,31], the INT-M gene can regulate the development of barley spikelets and their florets [32], the mutations in TILLMORE48 and tillmore5865 can cause the branched rachis on a few base nodes of a spike, and the spikelet is expressed only in the branched-rachis nodes [33]. The studies show that the candidate gene, HORVU.MOREX.r3.2HG0114260, could be responsible for the regulation of branched spike, spikelet, and floret development in the Ynbs mutant.



The results from the amino acid sequence alignment showed that the amino acid sequence of the putative protein encoded by the HORVU.MOREX.r3.2HG0114260 gene is the same as that of the protein encoded by the barley spike development gene COM2 [33]. To date, several mutants of the COM2 gene have been reported, such as the com2.g mutant with a substitution of serine to arginine at site 221, the Irregular spike25 mutant with a substitution of leucine to histidine at site 228, and the Tillmore48 mutant with a substitution of leucine to histidine at site 110. The different allelic mutations of COM2 can cause different mutant phenotypes, such as spikelet degeneration and floret fertility decline in the Irregular spike25 mutant, the reduced spikelet per spike in the Freak mutant, and the multiple spikelet phenotype of the HOR14427 mutant [33]. Compared with other mutants, the Ynbs mutant displayed various traits caused by different mutations in the COM2 gene, which implied that the genetic effect of the allelic mutations in HORVU.MOREX.r3.2HG0114260 of the Ynbs mutant was different from those of other allelic mutations in COM2. The results from sequence alignment showed that the mutations of bases and amino acids in the Ynbs mutant were both different from those in other COM2 mutants; therefore, the Ynbs mutant harbors a new allelic mutation of the COM2 gene.



Through the phenotype difference analysis of three quantitative traits out of the four target traits, we found that the branched spike of the Ynbs mutant was genetically associated with T(M)SNS, DT(M)SNS, and FNT(M)S. This result was consistent with that reported by Shen et al. [23]. Although the gene loci of the four target traits were mapped at three different locations, there was not any blank interval defined by other markers between the three gene loci. An interference from the branched-spike gene locus on the T(M)SNS, DT(M)SNS, and FNT(M)S could not be effectively eliminated. Therefore, it is still difficult to elucidate the genetic mechanism of the association of the branched spike with the other traits based on the mapping results.



Arginine is an alkaline amino acid with a positive charge, but cysteine is a polar and uncharged amino acid; one of them shows a difference from the other in structure and function [34]. Due to the fact that the HORVU.MOREX.r3.2HG0114260 gene belongs to the AP2/ERF domain transcription factor gene family, the substitution of amino acids within the DNA-binding domain may affect the transcriptional regulation efficiency of the HORVU.MOREX.r3.2HG0114260 gene for some genes, such as the genes in the inhibition of spike branch meristem activity and the maintenance of single-floret spikelet and floret meristem activity [27,29,30,35,36]. Based on the above results, we still believe that candidate gene HORVU.MOREX.r3.2HG0114260 mutation underlies the development of a branched spike and genetic association of branched spikes with T(M)SNS, DT(M)SNS, and FNT(M)S in the Ynbs mutant.
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Figure 1. Spike characteristics of and their phenotypic value difference between unbranched-spike and branched-spike plants of hybrid parents, F2 population, and F2:5 population. (A,C,E) spike, rachis, and triplicate spike of Baodamai8; (B,D,F) spike, rachis, and multiple spike of Ynbs mutant; (G–I): phenotypic mean difference between Baodamai8 and Ynbs; (J–L) phenotypic mean difference between two types of F2 plants with branched and unbranched spikes; (M–O) phenotypic mean difference between two types of F2:5 plants with branched and unbranched spikes. BS: branched-spike plant, UBS: unbranched-spike plant, where * represents a significant difference at the 0.05 level and ** represents a significant difference at the 0.01 level. 
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Figure 2. Detection results on the gene loci of the four target traits in the barley genome. (A–D) the gene locus for branched spike, T(M)SNS, DT(M)SNS, and FNT(M)S, respectively. 1H~7H: 7 chromosomes of barley. 






Figure 2. Detection results on the gene loci of the four target traits in the barley genome. (A–D) the gene locus for branched spike, T(M)SNS, DT(M)SNS, and FNT(M)S, respectively. 1H~7H: 7 chromosomes of barley.



[image: Agriculture 13 01934 g002]







[image: Agriculture 13 01934 g003] 





Figure 3. The 16 polymorphic markers and their genetic map and physical map and the mapped gene loci of the four target traits. (A) Differences in 16 polymorphic markers between the genomes of Baodamai8 (B) and Ynbs mutant (Y). (B) Genotype of some F2:5 plants and their hybrid parents. (C) Genetic map and gene loci of four target traits. (D) Physical map of 16 polymorphic markers. Genetic distance unit: cM, physical distance unit: Mb. 
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Figure 4. The partial chromatogram for the code domain sequence of HORVU.MOREX.r3.2HG0114260 gene from Beiqin7 and Ynbs mutant. A: Beiqing7, B: Ynbs mutant. 
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Figure 5. The amino sequence of DNA-binding domain of some AP2/ERF domain proteins and the mutated amino acid in Ynbs mutant. Except for the protein sequences of Ynbs mutant and Beiqing7, the others were previously reported by Poursarebani et al. [27]. 
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Table 1. The candidate genes of the Morex genome sequence of the interval defined by the markers HVSSR4 and HVSSR20 and their annotation.
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	Gene ID
	Gene Annotation





	HORVU.MOREX.r 3.2HG0114010
	DNA-binding pseudobarrel domain superfamily



	HORVU.MOREX.r 3.2HG0114020
	SRC2/BAP, C2 domain



	HORVU.MOREX.r 3.2HG0114030
	Aspartic peptidase domain superfamily



	HORVU.MOREX.r 3.2HG0114060
	SRC2/BAP, C2 domain



	HORVU.MOREX.r 3.2HG0114070
	Aspartic peptidase domain superfamily



	HORVU.MOREX.r3.2HG0114100
	Aspartic peptidase domain superfamily



	HORVU.MOREX.r3.2HG0114120
	C2 domain superfamily



	HORVU.MOREX.r3.2HG0114130
	Sodium/calcium exchanger membrane region



	HORVU.MOREX.r3.2HG0114150
	Homeobox-like domain superfamily; Myb family transcription factor HRS1-like



	HORVU.MOREX.r3.2HG0114200
	Tetratricopeptide-like helical domain superfamily



	HORVU.MOREX.r3.2HG0114210
	Zinc finger, CW-type



	HORVU.MOREX.r3.2HG0114240
	Potassium transporter



	HORVU.MOREX.r3.2HG0114260
	AP2/ERF domain; DNA-binding domain superfamily



	HORVU.MOREX.r3.2HG0114270
	SRC2/BAP, C2 domain



	HORVU.MOREX.r3.2HG0114280
	GTP-binding protein OBG, C-terminal domain superfamily



	HORVU.MOREX.r3.2HG0114290
	Xylose isomerase



	HORVU.MOREX.r3.2HG0114320
	DNA polymerase



	HORVU.MOREX.r3.2HG0114330
	Ankyrin repeat-containing domain superfamily
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