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Abstract 

Epicuticular waxes are the first point of contact between plants and their external 

environment, and provide mechanical and physiological support to plants. The leaf sheath 

and spike waxes of barley are rich in beta-diketone and hydroxy-beta-diketones that gives 

barley waxes a pronounced thread-like and fibrous morphology. Two previously 

described mutants are the subjects of this study namely: glossy sheath 2 (gsh2) and 

Glossy spike (Cer-yy). Both mutants exhibit a glossy (lack of epicuticular waxes) 

phenotype on the spike, while the gsh2 mutant also exhibits a glossy phenotype on the 

leaf sheaths on upper leaves.  In this study, the gsh2 and Cer-yy mutants were exploited 

(1) to gain an increased understanding of the developmental timing and tissue specificity 

of wax accumulation; (2) to determine if gsh2 and/or Cer-yy mutants impact water 

retention; and (3) to fine map and identify candidate genes for GSH2 and CER-YY. 

Compared to wildtype, both mutants exhibited an absence of thread-like and fibrous 

waxes in the upper leaf sheaths and spikes, but an increased presence of plate-like lobed 

waxes following the elongation of the third internode. No significant differences in whole 

plant transpiration rates were observed between Bowman-gsh2, Bowman-Cer-yy and cv. 

Bowman in either high and low vapor pressure deficit conditions. Fine mapping 

populations segregating for GSH2 and CER-YY reduced the regions containing GSH2 to 

~600Kbp and CER-YY to ~1.2 Mbp. Each region contains multiple candidate genes based 

on their functional annotation that warrant further research to isolate the respective 

causative genes. 
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Cultivated barley (Hordeum vulgare ssp. vulgare) 32 

Barley (Hordeum vulgare ssp. vulgare) is an economically important cereal crop 33 

that is among the most highly adapted grains and grows in diverse climatic conditions 34 

(Ullrich, 2010). It is the fourth-most produced cereal crop in the world with end uses in 35 

animal feed (75%), malt production (20%) and human food (5%) (Blake et al. 2010). It is 36 

an annual monocot small grain in the Triticeae tribe, along with wheat and rye. Barley is 37 

a diploid, mostly self-fertilizing species with a sequenced genome (Mascher et al., 2017). 38 

At ~5.1 Gbp, it has a smaller genome than the diploid rye (~7.9-Gbp) (Bauer et al. 2017), 39 

and hexaploid wheat (~17-Gbp) (IWGSC, 2014), and serves as a model species for 40 

functional genetics and molecular breeding studies and a resource for comparative 41 

genomics within the members of the Triticeae tribe. 42 

 43 

Cuticle and cuticular waxes  44 

 The cuticle is a hydrophobic multifunctional layer on the outermost surface of the 45 

plant epidermis. It is the first point of contact between a plant and its surrounding 46 

environment, and has protective as well as mechanical functions. It acts as physical 47 

protection against microbe invasion and harmful solar radiation (like UV-B), serves as a 48 

solution-diffusion membrane for water transport, and helps maintain the structural 49 

integrity of plant tissues by preventing tissue breakage during plant growth and against 50 

environmental stressors like wind and rain (Riederer and Müller, 2006). It is regarded as 51 

one of the earliest adaptations of terrestrial plants as a protection against desiccation and 52 

other environmental stresses (Yeats and Rose, 2013).   53 
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The cuticle is a composite structure composed of a covalently linked 54 

macromolecular scaffold of cutin and hydrophobic lipids that cover above-ground plant 55 

organs (Kerstiens, 1996; Yeats and Rose, 2013). The cuticle contains two different kinds 56 

of waxes, the intracuticular waxes within the cuticular membrane, and the hydrophobic 57 

epicuticular waxes (EW) over the plant surface (Yeats and Rose, 2013). The waxes on the 58 

outside of the cutin that can be mechanically disturbed are called the epicuticular waxes, 59 

while the waxes within the mechanical confines of the cutin layer are referred to as the 60 

intracuticular waxes (Jeffree, 2006). Both kinds of cuticular waxes are organic solvent- 61 

extractable complex mixtures of hydrophobic lipids made up mostly of very long chain 62 

fatty acids (VLCFAs) and their derivatives that are most likely synthesized by epidermal 63 

cells. VLCFAs consist of alkanes and alkenes, wax esters, branched alkanes, primary and 64 

secondary alcohols, aldehydes and ketones, unsaturated fatty alcohols, and cyclic 65 

compounds (Jetter et al. 2006; Samuels, 2008).   66 

There is enormous diversity in the structure and composition of cuticular waxes 67 

across plant species as well as across different tissues and organs of the same plant 68 

species (Post-Beitenmiller, 1996; Buschhaus and Jetter, 2011; Busta and Jetter, 2017). 69 

The ultrastructure and morphology of the waxes depends on the crystallization patterns of 70 

individual or mixture of wax constituents. The evolution of epicuticular waxes and its 71 

role in functional optimization of plant surfaces to carry out functions like reduction of 72 

particle adhesion, self-cleaning due to enhanced hydrophobicity, provide physical and/ or 73 

chemical defense against pests, etc. are one of the major innovations that facilitated their 74 

success in migrating from water to land (Edwards et al. 1996, Shepherd et al. 2006, Koch 75 
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et al. 2008). A fascinating point about the study of surface properties of plants is the fact 76 

that the physico-chemical principles that are attributed to the surface properties can be 77 

transferred to artificial ‘biomimetic’ materials (Koch et al. 2008). Wax esters and fatty 78 

alcohols also provide an alternative and diverse renewable source of lipid compounds for 79 

industrial uses in lubricant and surfactant production (Aslan et al. 2014).     80 

 81 

Common wax biosynthesis mechanism in plants  82 

The de novo synthesis of fatty acids (C16 – C18) takes place in the plastid stroma 83 

and is carried out by three fatty acid synthase complexes (FAS) from small precursors 84 

derived from photosynthate (Kunst et al. 2003). The different FAS complexes operate via 85 

different condensing enzymes that have exact acyl chain length specificities: KASIII 86 

initiates fatty acid biosynthesis with acetyl-CoA as a substrate (C2 – C4), KASI extends 87 

the chain to C16, and KASII completes the elongation to C18. But the reductases and 88 

dehydratase are shared among the three complexes, as they have no chain length 89 

specificity.  90 

The process of converting the C16 – C18 fatty acids to VLCFA is catalyzed by fatty 91 

acid elongases (FAE; von-Wettstein Knowles, 1982; Post-Beitenmiller, 1996), and takes 92 

place in the endoplasmic reticulum (ER; Xu et al. 2002; Kunst and Samuels, 2003). This 93 

requires the saturated C16 – C18 products of de novo fatty acid synthesis to be hydrolyzed 94 

from the acyl carrier protein (ACP) by an acyl-ACP thioesterase, and then transported 95 

from the plastid to the ER (mechanism not known) where fatty acid elongation takes 96 

place. FATA and FATB are two classes of acyl-ACP thioesterase based on their different 97 



 

 13 

preferences for saturated and unsaturated fatty acids. Elongation of C16 – C18 fatty acids to 98 

VLCFA takes place in a series of four enzymatic reactions catalyzed by beta-ketoacyl- 99 

CoA synthases and beta-ketoacyl-reductases. The process eventually results in VLCFAs 100 

in the range of C20 – C34 that are further modified via different pathways to produce 101 

various aliphatic wax components like alkanes, primary alcohols, esters, aldehydes, 102 

ketones, beta-diketones, hydroxy-beta-diketones, etc. A simple diagrammatic 103 

representation of these pathways is shown in Figure 1. 104 

Alkane biosynthesis is carried out via an elongation-decarboxylation reaction in 105 

which C16 fatty acids are elongated by two carbon units in a serial manner and 106 

decarboxylated after reaching appropriate length (C30 – C32; Kolattukudy, 1966). The 107 

alkanes can then be hydroxylated to form secondary alcohols, which can again be 108 

oxidized to form ketones. The investigation of wax ester formation in jojoba seeds 109 

revealed that such modification is catalyzed by a membrane bound acyltransferase (Wu et 110 

al. 1981). 111 

The transport of wax precursors and products from the cytosol and ER to the 112 

extracellular surface is still much of a mystery. The discovery of ABCG transporter genes 113 

being implicated in glossy mutants of maize (GL13), Arabidopsis (CER5), and rice 114 

(OsABC31) support the claims that they might be involved in wax transport. Lipid 115 

transfer proteins are also known to facilitate the transport of waxes though the cell wall 116 

(Sterk et al. 1991, Moreau et al. 1998). They have been discovered in the epidermal cell 117 

wall (Thoma et al. 1993) and cuticle (Pyee et al. 1994), and are likely candidates for the 118 

transport of cutin and wax precursors/products through the cell wall to the cuticular 119 
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surface.  Hallam (1970) proposed that these wax precursors diffused evenly through the 120 

primary cuticle lamellae and crystallized on the surface to form unique structures. The 121 

different morphology of plant waxes (crystalline, hair-like, rod-like, plate-like, etc.) 122 

depends on its chemical composition, which can be species-specific, and even within 123 

species can have organ-specific wax production and accumulation.  124 

Jeffree et al. (1975) performed an experiment demonstrating that dissolved waxes 125 

recrystallized following transport through an apparatus with microscopic pores, but the 126 

recrystallization patterns were different in vitro than its natural state. However, 127 

epicuticular waxes of Johnsongrass dissolved with chloroform and recrystallized in glass 128 

demonstrated identical crystallization patterns with the wild-type waxes, indicating that 129 

the chemical composition of waxes might be responsible for the eventual crystallization 130 

pattern and morphology of waxes (McWhorter et al. 1990). Even small differences in the 131 

relative quantities of beta-diketones and hydroxy-beta-diketones can result in either 132 

tubular or ribbon-like epicuticular waxes in barley and its eceriferum mutants (von 133 

Wettstein Knowles, 1974). Plate waxes or lobed waxes were associated with alcohols 134 

(Hallam and Chambers, 1970), while short tube waxes were associated with nonacosonal- 135 

10-ol (Jeffree et al. 1976). This shows that the chemical constituents of waxes govern the 136 

morphology of epicuticular waxes to a certain extent and even minor alterations in the 137 

synthesis/ elongation/ modification pathways during wax formation can significantly 138 

impact wax morphology and chemistry. 139 
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Glossy mutants of Arabidopsis and maize  140 

Extensive research efforts in Arabidopsis and maize with the help of large 141 

collections of eceriferum mutants have led to the cloning and characterization of dozens 142 

of genes related to wax biochemical synthesis. Many of the cloned genes for different 143 

glossy mutants in maize and Arabidopsis give us a general outlook of the genes 144 

controlling wax biosynthesis and transport. CER1 encodes an aldehyde decarbonylase 145 

that converts C30 aldehydes to C29 alkanes (Aarts et al., 1995). Several glossy mutants in 146 

Arabidopsis (cer2, cer26, wsd1) are characterized by wax deficient glossy green stems. 147 

CER2 encodes a CoA-dependent acyltransferase (Xia et al. 1996), WSD1 is a 148 

diacylglycerol acyltransferase required for stem wax ester biosynthesis (Li et al. 2008), 149 

and CER26 encodes a HXXD-type acyltransferase family protein (Pascal et al. 2013). 150 

The cer3 mutant is deficient in cuticular wax formation and cutin production in 151 

Arabidopsis (Rowland, 2007). The CER3 biosynthetic gene is allelic to WAX2/ FLP1/ 152 

YRE and encodes for a transmembrane protein with similarities to the sterol desaturase 153 

family at the N-terminus and to the short-chain dehydrogenase/ reductase family at the C- 154 

terminus (Chen et al. 2003; Ariizumi et al. 2003; Kurata et al. 2003). Mutations in CER4 155 

are characterized by the absence of waxes on the stems in Arabidopsis. The gene encodes 156 

for an alcohol forming fatty acyl-CoA reductase involved in cuticular wax biosynthesis 157 

(Rowland et al. 2006). CUT1/ CER6 (Millar et al. 1999, Fiebig et al. 2000), FATTY ACID 158 

ELONGATION 1 (FAE1), FIDDLEHEAD (FDH) (James et al. 1995), and 3-KETOACYL- 159 

CoASYNTHASE (KCS) (Todd et al. 1999) are all Arabidopsis genes involved in the fatty 160 

acid elongation pathway that generate VLCFA. CER8/ LACS1 and LACS2 are both 161 
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involved in CoA esterification of fatty acids during cuticular wax synthesis (Lu et al. 162 

2009; Schnurr et al. 2004). CYP96A15/ MAH1/ CytochromeP450 encodes for a mid chain 163 

alkane hydroxylase that form secondary alcohols and ketones through the oxidation of 164 

alkanes in stem cuticular waxes (Greer et al. 2007). FATB encodes for an acyl-carrier 165 

protein thioesterase playing an essential role in chain termination during de novo fatty 166 

acid synthesis and supplying saturated fatty acids for the synthesis of VLCFAs in the 167 

plastids (Bonaventure et al. 2003). Along with genes responsible for the wax biochemical 168 

synthesis, there are a host of genes responsible for the transport of cuticular lipids onto 169 

the plant surface from the cytosol, where the fatty acid biosynthesis takes place. LTPG is 170 

a glycosylphosphatidylinositol-anchored lipid transfer protein that is highly expressed in 171 

the plasma membrane of epidermis during cuticle biosynthesis in Arabidopsis and 172 

implicated in cuticular lipid transport machinery (DeBono et al. 2009), and ABCG11/ 173 

WBC11 is an ATP binding cassette (ABC) transporter required for export of lipids to the 174 

plant surface in Arabidopsis. (Bird et al. 2007) 175 

Several genes have also been cloned and characterized in maize that provide 176 

insight into the process of wax biosynthesis and transport within grasses. GL1 (Hansen et 177 

al. 1997), GL2 (Tacke et al. 1995), GL8 (Xu et al. 1997), and GL15 (Moose and Sisco, 178 

1995) were all isolated in maize using transposon systems and are responsible for either 179 

the formation or transport of epicuticular waxes onto the surface of seedling leaves. The 180 

GL13 gene is also involved in the transport of epicuticular waxes onto the surface of 181 

seedling leaves and was identified via a novel bulked segregant RNA-Seq (BSR-Seq) 182 

approach (Li et al., 2013). The GL1 protein shares 62% identity with the Arabidopsis 183 
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WAX2 protein and is associated with the wax biosynthesis in juvenile leaves (Sturaro et 184 

al. 2005). However, wax2 mutants exhibit cutin alterations and post genital organ fusion, 185 

which is not seen in gl1 mutants indicating differential roles of orthologous genes in 186 

cuticle and plant development amongst different plant species. gl2 mutants have reduced 187 

chain length distribution of wax components (Bianchi et al. 1985) similar to that of the 188 

Arabidopsis cer2 mutant (Jenks et al. 1995), while the GL2 protein shares 63% amino 189 

acid similarity with the CER2 protein. The GL4 gene is a homolog of the CER6/ CUT1 190 

gene and encodes an acyl-ACP thioesterase, which catalyzes a condensing enzyme 191 

involved in synthesis of VLCFAs. The GL8 protein is believed to function as a reductase 192 

during fatty acid elongation in the seedling cuticular wax biosynthesis pathway (Xu et al. 193 

1997). The maize GL13 gene is an ortholog of AtABCG32 (Arabidopsis thaliana), 194 

HvABCG32 (barley), and OsABCG31 (rice) and encodes for a ABCG transporter 195 

involved in the transmembrane transport and accumulation of epicuticular waxes onto the 196 

surface of seedling leaves (Li et al. 2013).  The GL15 gene is unique in a sense that it is a 197 

putative transcription factor with significant sequence similarity to Arabidopsis regulator 198 

genes APETALA2 and AINTEGUMENTA. It controls the epidermal juvenile to adult 199 

phase transition in maize including epicuticular wax composition (Moose and Sisco, 200 

1994). A list of various genes involved in wax biochemical synthesis in Arabidopsis, 201 

maize, rice, and barley along with their function and phenotype is presented in Table 1. 202 

Neither Arabidopsis or maize produce polyketide compounds that make up a major 203 

portion of the barley epicuticular waxes, thus, they are not suitable to study barley wax 204 

synthesis and deposition.   205 
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Barley wax mutants 206 

Barley geneticists have identified thousands of natural and artificially-induced 207 

barley mutants for morphological, biochemical, and disease resistance characteristics. A 208 

large number of viable mutants with altered epidermal wax covering have been identified 209 

and placed into a class of eceriferum (cer) genes (Lundqvist and von Wettstein, 1962). Of 210 

the thousands of barley mutants, 1580 eceriferum (wax-less) mutants have been isolated 211 

and placed in 79 complementation groups. Interestingly, all but Cer-yy are recessive in 212 

nature (Lundqvist & Lundqvist, 1988). These mutants are organ specific and can be 213 

classified into different mutant classes based on the organ that exhibits the glossy (wax- 214 

less) phenotype. A simplified approach to represent cer phenotypes have been described 215 

by Lundqvist & Lundqvist (1988) as; - = wax coating absent, + = wax coating reduced, 216 

++ = normal. The loci are distributed into five different phenotype categories of 217 

eceriferum mutants and the number of loci associated with each is presented in Table 2. 218 

Near-isogenic lines (NILs) of nearly all 70 unique eceriferum loci were developed 219 

from serial backcrossing to the two-row barley cv. Bowman and are available for 220 

molecular genetics and functional genomics research to identify genes, pathways, and 221 

mechanisms involved in wax biosynthesis in barley (Druka et al., 2011). Cer-yy and gsh2 222 

are classical barley mutants that have been reported to lack epicuticular waxes in the 223 

spike for Cer-yy and in the abaxial surface of the upper leaf sheaths, stems and spikes for 224 

gsh2 mutants. Cer-yy falls under the category of “spike” mutants while the gsh2 falls 225 

under the category of “spike and leaf sheath” mutants because the deposition of waxes in 226 

barley controlled by these loci are organ specific. Partial mutants that are referenced in 227 
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the table refer to cer mutants with normal leaf blade waxes, but reduced or absent spike 228 

or leaf sheath waxes. The phenotypic differences between cv. Bowman, gsh2-Bowman 229 

and Cer-yy-Bowman are presented in Figure 2. 230 

Among the 79 total loci associated with eceriferum mutants, Glossy spike (Cer- 231 

yy) is unique in that it is the only locus that harbors an allelic series of 19 dominant 232 

mutations. The difference in chemical composition between the mutant and non-mutant is 233 

that the mutants lack beta-ketoacyl derived lipids including beta-diketones, hydroxy-beta- 234 

diketones, and esters containing alkan-2-ols, and the composition of other wax precursors 235 

is altered towards that of characteristic leaf blade waxes (Lundqvist and von Wettstein- 236 

Knowles, 1982). The authors suggested that CER-YY determines a regulatory component 237 

that upon mutation activates gene(s) in the leaf blade acyl elongase system, while 238 

repressing the spike acyl and beta-ketoacyl elongase systems. Epicuticular waxes appear 239 

to be absent on the spikes but normal wax loads are present in the leaf sheath and blades. 240 

Recessive mutations in the GSH2 gene show a marked reduction in epicuticular waxes in 241 

the all of the leaf sheaths, stems and spikes giving them a bright, shiny green appearance. 242 

This locus is characterized by an allelic series of 39 recessive mutations as result of 243 

various physical and chemical mutagens (von Wettstein-Knowles, 1991). The natural 244 

variant of this allele, gsh2.f, has been used to create the Bowman-gsh2 NIL 245 

(Franckowiak, 1997a). gsh2.f was discovered as a spontaneous mutation in cv. Atlas 246 

background and was selected from a commercial field near Dayton, Washington in 1964 247 

(McProud, 1971).  248 

 249 
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Recent breakthroughs in beta-diketone synthesis research 250 

 The canonical wax biosynthesis pathway described from decades of research on 251 

Arabidopsis and maize explains the export of fatty acids from chloroplast, elongation of 252 

fatty-acyl-CoAs by endoplasmic reticulum-localized fatty acid elongases, and further 253 

modification to primary and secondary alcohols, alkyl esters, aldehydes, ketones, etc. 254 

This has led to the identification of dozens of genes encoding enzymes, regulators and 255 

transporters responsible for the wax production in those species (Post-Beittenmiller, 256 

1996; Samuels et al., 2008). However, that pathway was not able to fully describe the 257 

wax biosynthesis in species like wheat and barley that contain a new class of aliphatics 258 

called beta-diketones as Arabidopsis and maize do not produce beta-diketones. Recent 259 

advances in beta diketone research has elucidated a new pathway active in barley and 260 

wheat parallel to the general wax synthesis pathway that explains the synthesis of beta- 261 

diketones that are responsible for thread-like/ fibrous waxes.  262 

  263 

The model that beta-diketones was synthesized by a polyketide-like synthase 264 

pathway was reported fairly recently by von-Wettstein Knowles (2012). Evidence to 265 

validate this model was presented with the identification of genes in the Cer-cqu gene 266 

cluster on chromosome arm 2HS (Schondelmaier et al. 1993; Tsuchiya 1972) in barley 267 

that encodes for a novel polyketide synthase – the beta diketone synthase (DKS), a lipase/ 268 

carboxyl transferase, and a P450 hydroxylase, respectively (Schneider et al. 2016). This 269 

established a major new pathway for the synthesis of plant waxes, and proved to be the 270 

missing piece to the barley and wheat wax biosynthesis puzzle that has intrigued 271 

scientists for over half a century. This is the only gene cluster that has been reported to 272 
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encode for ubiquitous wax aliphatics, and primarily prevents water loss in plants (von- 273 

Wettstein Knowles, 2017).  274 

Investigations regarding the wheat W1 locus that is responsible for the glaucous 275 

upper leaf sheaths, spikes, peduncles, etc., uncovered that three highly expressed set of 276 

genes located on the sub-terminal region of chromosome 2BS were identified as 277 

homologous to Cer-cqu. Gene silencing with the barley stripe mosaic virus system was 278 

used to knock down expression of Cer -c and -q orthologs that resulted in glossiness in 279 

the normally glaucous Bobwhite wheat cultivar (Hen Avivi et al. 2016). In a separate 280 

study, the Inhibitor of Wax 1 (Iw1) gene, which is a dominant suppressor of wax 281 

polyketides was cloned in durum wheat. Iw1 encodes for a microRNA (miRW1), which 282 

targets and represses the expression of putative carboxylesterase genes necessary for 283 

beta-diketone synthesis (Huang et al. 2017). The IW1 phenotype is very similar to that of 284 

the barley Cer-yy mutant and may serve in describing the cause of dominant loss of 285 

waxes in Cer-yy mutants and many wild barley accessions.          286 

 287 

Agronomic performance of glossy mutants in barley 288 

Prior research has been conducted to examine the effects of the presence or 289 

absence of epicuticular waxes in barley on agronomic performance. There is a positive 290 

correlation between barley grain yield and water use efficiency and its epicuticular wax 291 

load under drought that indicates higher drought tolerance for those breeding lines 292 

(Febrero et al. 1998; González and Ayerbe, 2010). Larsson & Svenningsson (1986) 293 

reported a weak relationship between transpiration rates and cuticular waxes in twenty 294 
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different cultivars of barley and 15 ece  riferum mutants of cv. Bonus. Baenziger et al. 295 

(1983) used six near-isogenic lines of different eceriferum mutants and their recurrent 296 

parents to investigate the effects of genes controlling barley leaf and sheath waxes on 297 

agronomic performance in irrigated and dryland environments. None of the leaf and 298 

sheath mutants tested significantly improved yield, test weight, 1,000 kernel weight, or 299 

kernel plumpness when compared to their waxy counterparts in either irrigated or dryland 300 

environment. Some mutants had deleterious effects, with Eceriferum-j59, cer-zd67, and gl4 301 

exhibiting a yield penalty in both irrigated and dryland environments. Nine barley 302 

varieties and their glossy sheath mutants (isolines) were grown and tested for agronomic 303 

characteristics like yield, height, lodging, protein, shattering, etc. (McProud, 1971).  No    304 

mutants for any of the agronomic and malting quality traits that were tested. One 305 

exception was that glossy sheath mutants flowered earlier.   306 

   307 

.  308 

 309 

  310 

 311 

 312 

 313 
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 318 

Chapter 2 - Fine mapping and characterization of wax mutants 319 

in barley 320 

 321 

 322 

 323 

 324 

 325 

 326 

 327 

 328 

 329 
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 333 
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 337 

 338 

 339 
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Synopsis 340 

Epicuticular waxes are a mixture of aliphatic compounds present on the outermost 341 

surface of plant organs. They provide a first line of defense against pests, pathogens, 342 

harmful radiation, and other environmental stressors, while also contributing to prevent 343 

uncontrolled water loss. Beta-diketones and hydroxy-beta-diketones are the major 344 

constituents of epicuticular waxes in barley. Despite decades of research, the genetic 345 

basis of beta-diketone synthesis in plants is largely unknown with only three genes from 346 

the Cer-cqu gene cluster being isolated out of the 79 loci associated with wax synthesis in 347 

barley. To develop a baseline understanding of the timing and organ specificity of wax 348 

deposition we examined the wildtype cv. Bowman throughout development. We also 349 

investigated two glossy mutants, glossy sheath 2 (gsh2) and Glossy spike 1 (Cer-yy) to 350 

better understand the genetic control of this phenomenon. Our results showed that 351 

wildtype barley had waxy leaf sheaths (abaxial only), leaf blades (abaxial and adaxial), 352 

and spike lemma and palea (abaxial).  gsh2 recessive mutants lack the typical threadlike 353 

and fibrous waxes on the upper leaf sheaths and spike lemma and palea, whereas Cer-yy - 354 

dominant mutants lack the fibrous waxes on the spike lemma and palea. Both the natural 355 

variant of the wild glossy spike allele (Caesarea 24-26), and the heterozygous state of the 356 

glossy spike mutant (Cer-yy/ cer-yy) looked similar to the homozygous mutant. Whole 357 

plant transpiration rates in response to both low and high vapor pressure deficit (VPD) 358 

conditions were found to be not significantly different between cv. Bowman, Bowman- 359 

gsh2, and Bowman-Cer-yy. Bowman-derived backcross lines carrying the gsh2 and Cer- 360 

yy mutations were used to create F2 mapping populations with cvs. Morex and Bowman 361 
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to fine map the gene and identify candidates responsible for beta-diketone biosynthesis in 362 

barley.  Fine mapping gsh2 and Cer-yy defined gsh2 to an approximately ~600 Kbp 363 

(~1cM) on chromosome 3HL and Cer-yy to a ~1.2 Mbp (~1.5cM) on chromosome 1HS.  364 

 365 
 366 

 367 

 368 

 369 

 370 

 371 

 372 

 373 

 374 

 375 

 376 

 377 

 378 

 379 

  380 
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Introduction  381 

The cuticle is the outermost surface of all aerial plants and has evolved as a 382 

protective layer against biotic and abiotic stresses. It is a non-cellular membrane that is 383 

generally composed of two main components; a polyester polymer cutin or suberin, 384 

infused with and covered by cuticular waxes (Pollard et al. 2008). The epicuticular waxes 385 

on the cuticle surface are responsible for the bluish-gray appearance or glaucousness in 386 

plants. A major proportion of waxes are derived from very long chain fatty acids 387 

(VLCFA) that are 20-32 carbons in length; however, alcohols esterified from fatty acids 388 

might be 40-60 carbons in length (Post-Biettenmiller, 1996). On the other hand, 389 

cutin/suberin oxidases do not utilize very long chain (VLC) precursors like waxes, but are 390 

still synthesized by a family of mixed function oxidases with activities similar to 391 

decarbonylation and beta-ketoacyl-elongation pathways for wax biosynthesis (von 392 

Wettstein Knowles, 2007). 393 

 Epicuticular waxes present in most plants can be diverse in chemical composition, 394 

ultrastructure, and density. Most plant waxes present in plants are derived following three 395 

major coordinated processes in the epidermal cells that include synthesis of C16 fatty 396 

acids within plastids, elongation to C20 – C34 fatty acids in the endoplasmic reticulum 397 

(ER), and finally further modification in an alcohol- or alkane-forming pathway 398 

(Schneider et al., 2016). The C20 – C34 fatty acids serve as precursors to three major 399 

pathways for further modifications: the decarbonylation pathway, the reductive pathway 400 

and the beta-keto acyl elongation pathway (Post-Beittenmiller, 1996). The reductive 401 

pathway produces alcohols, aldehydes, and esters, whereas the decarbonylation pathway 402 
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further modifies aldehydes into alkanes, ketones, and secondary alcohols. The beta-keto- 403 

acyl elongation pathway produces a separate class of compounds like beta-diketones, 404 

hydroxyl-beta-diketones, and esterified alkan-2-ols.  405 

Most of the work with epicuticular wax biosynthesis has been performed in the 406 

model plant species Arabidopsis thaliana, and maize (Zea mays). Research efforts 407 

examining the biochemical synthesis of the cuticle and epicuticular waxes have aided the 408 

understanding of the genes, metabolic pathways, and transcriptional control of wax 409 

synthesis (Bernard and Joubès, 2013; Yeats and Rose, 2013; Schneider et al., 2016; Hen- 410 

Avivi et al., 2016). Arabidopsis waxes are composed of ketones and alkanes. Alkanes can 411 

be derived from the decarboxylation of fatty acids, or decarbonylation of fatty aldehydes, 412 

whereas secondary alcohols and ketones may be produced via sequential oxidation of 413 

alkanes (Hannoufa et al., 1993). Maize seedling cuticular waxes are rich in alcohols and 414 

aldehydes and appear to be a result of the reductive pathway (Bianchi and Avato, 1989). 415 

However, the understanding of the biochemical synthesis of polyketide compounds like 416 

beta-diketones, and hydroxyl-beta-deketones is still very limited. This distinct class of 417 

compounds is a major chemical constituent in barley waxes (Jackson, 1971; Von 418 

Wettstein-Knowles, 1972). Since Arabidopsis and maize do not produce these, they are 419 

unsuitable for learning more about their synthesis.  420 

The genes responsible for wax production in barley have been very elusive 421 

despite over half a century of research (von-Wettstein Knowles, 1976, 1995, 2012, 2017; 422 

Hen-Avivi et al. 2016, Schneider et al., 2016). Previous studies led to a hypothesis that 423 

beta-diketones and their derivatives were synthesized via the beta-ketoacyl elongase 424 
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system (Netting and Wettstein-Knowles, 1976; Mikkelsen, 1979, 1984). However, von 425 

Wettstein-Knowles (2012) proposed a new model hypothesizing that beta-diketones are 426 

synthesized by a beta-diketone synthase (DKS) polyketide pathway. This model was 427 

validated with the isolation of the Cer-cqu cluster of genes that encodes for three 428 

different enzymes in the DKS pathway. The three genes that have been identified in 429 

barley are Cer-C, Cer-Q, and Cer-U and encode a chalcone synthase-like diketone 430 

synthase (DKS), a lipase/ carboxylesterase, and a cytochrome P450 hydroxylase, 431 

respectively (Schneider et al. 2016). To date, only three genes out of the 79 loci identified 432 

by eceriferum mutants in barley have been isolated, indicating a vast untapped resource 433 

for the identification of genes and regulatory networks involved in wax biochemical 434 

synthesis that are yet to be described in barley. 435 

The Cer-cqu region of barley on chromosome 2HS is highly syntenic to the W1 436 

region on chromosome 2BS of wheat, which contains a similar beta-diketone metabolic 437 

gene cluster (Hen-Avivi et al., 2016). In wheat, both the W1 locus and a dominant 438 

suppressor INHIBITOR of WAX1 (IW1) locus control glaucousness through a unique 439 

mechanism, where Iw1 suppresses the carboxylesterase-like protein gene, W1-COE, 440 

within the multigene locus (Huang et al. 2017). Iw1 encodes a long noncoding miRNA 441 

that produces miRW1, which targets the transcripts of the biosynthetic gene W1-COE for 442 

degradation. This type of mechanism might be responsible for eceriferum phenotypes in 443 

barley. 444 

Barley geneticists have collected 1580 eceriferum (wax less) mutants, a result of 445 

treatment with physical and chemical mutagens. Genetic analysis has localized these 446 
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mutants to 79 complementation groups (Lundqvist & Lundqvist, 1988). These loci have 447 

been introgressed in near-isogenic backcross populations with the cv. Bowman (PI 448 

483237) as a recurrent female parent (Druka et al. 2011). In this collection of barley 449 

eceriferum mutants, only the Cer-yy (glossy spike) locus is dominant and the remaining 450 

78 are recessive. Introgressions containing seventy-three of these loci have been 451 

identified and reported (Druka et al. 2011; Lundqvist, 2014). The glossy spike and glossy 452 

sheath phenotypes were also found to be segregating naturally in wild barley (Hordeum 453 

vulgare ssp. spontaneum; Nice et al. 2016). Nice et al. (2016) mapped loci for the glossy 454 

spike and the glossy sheath phenotype in a wild barley introgression population that co- 455 

localized with the previously identified Glossy spike 1 (Cer-yy) and glossy sheath2 (gsh2) 456 

loci, respectively. Recessive gsh2 mutations result in a lack of epicuticular waxes on the 457 

abaxial and adaxial surface of the leaf sheath, stem, and both the lemma and palea of 458 

kernels (McProud et al. 1971). The gsh2 phenotype has been mapped to chromosome 459 

3HL in multiple mapping studies (Chen et al. 2017; Nice et al. 2016; Druka et al. 2011). 460 

Cer-yy is characterized by the lack of epicuticular waxes on the spike (Lundqvist and 461 

Franckowiak, 1997). The surface of the spike (both lemma and palea) lack epicuticular 462 

waxes, but leaf sheath and leaf blade are completely glaucous. Cer-yy has also been 463 

previously mapped to the distal tip of chromosome 1HS (Nice et al. 2016; Druka et al. 464 

2011).  465 

 Most cultivated barley exhibits a grayish-blue glaucous appearance on the spikes, 466 

upper leaf sheaths and leaves due to the presence of epicuticular waxes. Upon closer 467 

inspection, the accumulation of wax on the sheath and spike surface seems to be 468 
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developmentally regulated. Species like maize, ivy and eucalyptus, show pronounced 469 

morphological and physiological differences between the juvenile and the adult, however, 470 

Arabidopsis shows only subtle differences (Baürle and Dean, 2006). Waxes are a 471 

signature trait for the transition from juvenile to adult phase in maize. Prior research on 472 

maize has shown that juvenile maize plants have short leaves covered by epicuticular 473 

wax; however, the adult plant has narrow leaves with hairs but no wax (Vega et al. 2002).  474 

The effects of presence or absence of waxes on the surface of plants have been 475 

studied to investigate their consequences on reflectance (PAR – photosynthetically active 476 

radiation), as well as leaf transpiration. Reflectance (PAR) by glaucous and non-glaucous 477 

lines of wheat show that the glaucous lines have higher reflectance than their glossy 478 

counterparts and 12% reduced light transmission to the lower mesophyll leaves (Johnson 479 

et al. 1983). Eller (1979) suggested that higher levels of reflected light might help 480 

illuminate leaves in the shaded areas of the canopy which would be a beneficial trait for 481 

plants such as wheat and barley with large leaf area indices. Higher reflectance from 482 

glaucous lines result in lowered tissue temperatures, thus reducing the vapor pressure 483 

difference between the tissue and the air, which may help to reduce excessive 484 

transpirational water loss (Shepherd and Griffiths, 2006). Leaf transpiration is generally 485 

controlled by stomatal and cuticular components, of which, the cuticular components are 486 

influenced by the physiochemical characteristics of the leaf surface like wax density, wax 487 

microstructure, and wax thickness because they control the hydraulic permeability and 488 

transport characteristics (Svenningsson, 1988; Xu et al. 1995, Schreiber et al., 1996). 489 

Further studies on the response of glaucous and non-glaucous individuals in controlled 490 
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vapor pressure deficit experiments can help reveal if the elevated level of reflectance 491 

offered by glaucous surfaces have a measurable impact in terms of transpirational water 492 

loss.  493 

The overall goal of this study was to characterize the barley gsh2 and Cer-yy 494 

mutants and investigate their physiological and morphological implications. The specific 495 

objectives of this study are to: (1) examine wax accumulation on different organs of 496 

wildtype barley during different developmental stages; (2) characterize the ultrastructure 497 

of barley waxes in the gsh2 and Cer-yy mutants and wild-type; (3) investigate the 498 

difference in transpiration rates between gsh2 and Cer-yy mutants and wild-type in 499 

response to high and low vapor pressure deficit conditions; and (4) to fine map and 500 

identify candidates for GSH2 and CER-YY. 501 

  502 
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Materials and Methods 503 

Plant Materials 504 

A set of barley cultivars (cv.) Atlas, Bowman, Bonus, Harrington, Morex, and 505 

Steptoe were obtained from the National Small Grains Collection (USDA-ARS, 506 

Aberdeen, ID; www.ars.usda.gov).  Two near-isogenic lines in the cv. Bowman 507 

background, carrying the gsh2.f mutant allele, and the Cer-yy.849 mutant allele were 508 

obtained from the Barley Genetic Stock Collection (USDA-ARS, Aberdeen, ID). The 509 

cvs. Atlas and Bonus are progenitors for gsh2.f and Cer-yy.849, respectively. Thirty-eight 510 

putative alleles of gsh2 and 19 putative alleles of Cer-yy were obtained from the Nordic 511 

Genetic Resource Center, Alnarp, Sweden (www.nordgen.org). The complete records of 512 

the mutant allele, parent cultivar, and mutagen used are presented in Table 3 and Table 4 513 

for gsh2 and Cer-yy, respectively. Caesarea (26-24) is a wild barley accession (Hordeum 514 

vulgare ssp. spontaneum) with a glossy spike phenotype and henceforth referred to as 515 

“Caesarea”, and OSU060 is a BC2F6 recombinant chromosome substitution line (RCSL) 516 

carrying the glossy spike allele from Caesarea (Matus et al. 2003). An advanced 517 

backcross nested association mapping population (AB-NAM) developed by crossing 25 518 

wild barley donor parents to recurrent parent, cv. Rasmusson (Nice et al. 2016) was also 519 

used.  520 

 521 

 522 

 523 
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Growth Conditions   524 

Plants for scanning electron microscopy (SEM) and genetic mapping were grown 525 

in pots with Sunshine MVP soil (Sunshine MVP, Sun Gro Horticulture, http:// 526 

www.sungro.com) and fertilized with one application (2/3 teaspoon) of slow release 527 

granular osmocote plus (Scotts Miracle-Gro; Marysville, OH, USA) one week after the 528 

time of sowing. All plants were maintained in well-watered condition in a climate- 529 

controlled growth chamber under 16 h daylight conditions (06:00 AM to 22:00 PM) with 530 

a daytime temperature of 19±.3C and a nighttime temperature of 16±.3C. For Caesarea, 531 

a wild barley accession that requires vernalization, seeds were vernalized for four weeks 532 

at 4C, before being sown.  533 

 534 

Daytime (TRD) transpiration rate measurement in response to high and low vapor 535 

pressure deficit conditions  536 

For the vapor pressure deficit (VPD) experiment, six replicate plants per genotype 537 

were sown in pots (1 L capacity) with premium garden mix (Plaisted Companies Inc., 538 

Elkriver, MN, USA). Each pot was seeded with a single seed at the depth of 4 cm. Pots 539 

were supplied with one application (2/3 teaspoon) of slow release granular osmocote at 540 

the time of sowing. All the plants were maintained in well-watered condition and were 541 

grown until flowering in a greenhouse under 14 h daylight conditions (06:00 to 20:00 542 

solar time). The greenhouse was programmed for a daytime temperature of 20 C/ 21.6 543 

C (min/max) and nighttime temperature of 18.3 C/ 20.5 C (min/max). Supplemental 544 

lighting (1000 Watt HPS-Metal Halide  8) was programmed to activate automatically 545 
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between 06:00 and 20:00 solar time when the photosynthetic photon flux density (PPFD) 546 

fell below 300 Watt m-2 s-1 for at least 30 min to ensure limited light supply was not a 547 

limiting factor. Plants photosynthesize effectively only in the range of 400 to 700 PPFD. 548 

Therefore, we had to measure this parameter to make sure light quality was not the 549 

limiting factor while measuring transpiration as transpiration rate is related to 550 

photosynthesis. Temperature and relative humidity levels were continuously recorded 551 

inside the greenhouse every 5 min by pocket sensors (EL-USB-2-LCD, Lascar 552 

Electronics, White Parish, UK) placed at three locations. The high and low VPD 553 

experienced by the plants during the entire experimental period are 1.75±.09 kPa and 554 

3.06±.13 kPa at an average temperature of 28.93±.05C.  555 

 All six replicate pots per genotype were gravimetrically phenotyped for a single 556 

day following the protocol from Tamang and Sadok (2018). This experiment was 557 

conducted inside a walk-in growth chamber (Conviron, Controlled Environments Ltd., 558 

Winnipeg, Manitoba, Canada). On the day of experiment, the plants were watered until 559 

the soil was saturated. After the pots were allowed to sit for at least 2 hours, the surface 560 

of the pots was covered with aluminum foil to reduce water evaporation from the soil 561 

surface. The pots were transferred to the growth chambers and placed on electronic 562 

balances (Model FZ-3000i, A&D Company Ltd., San Jose, California, USA), which were 563 

connected to data loggers (Model AD-1688, A&D Company Ltd., Tokyo, Japan). The 564 

balances were programmed to record the weight of pots every minute. The resulting loss 565 

of pot mass was used to calculate the transpiration rate. 566 



 

 35 

TRD measurements were conducted under two VPD levels, each step lasting for 567 

60 min while the temperature and PPFD were constantly held at 30 C and ~600 mol m- 568 

2 s-1 respectively at canopy height. To achieve the target VPD levels (low and high), 4 569 

mini-foggers (Model 200H, Hydrofogger.com LLC, Greenville, South Carolina, USA) 570 

and two portable dehumidifiers (LGR 7000XLi, DRI-EAZ Products, Inc., Burlington, 571 

Washington, USA) were used to manipulate RH levels inside each chamber. The 572 

humidifiers were placed at four corners of the chamber and used to achieve high RH (i.e. 573 

low VPD). For the subsequent high VPD levels, the dehumidifier was turned on to 574 

decrease RH in a controlled fashion. The temperature and RH inside the chamber was 575 

recorded every five minutes by three pocket sensors (similar to ones used in greenhouse) 576 

placed at canopy height. Total leaf area was measured destructively with a high-precision 577 

leaf area meter (LI3100-C, LI-COR, Nebraska, USA). These values were used to 578 

normalize transpiration rate, therefore nullifying the effect of plant size on transpiration 579 

rate.   580 

 581 

Scanning Electron Microscopy  582 

Specimens were placed on filter paper and dried in an oven at 40 C for at least 72 583 

hours.  Once the samples were dried, pieces were excised with a razor blade, and 584 

mounted on double-sided carbon adhesive tape placed on aluminum stubs. Samples were 585 

then sputter coated with gold-palladium or platinum. Samples were observed on a Hitachi 586 

S3500N (http://www.hitachi-hightech.com) scanning electron microscope at an 587 

accelerating voltage of 10kV at varying magnifications (100x, 500x, 2000x).  588 
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Epicuticular waxes were examined on the leaf blade, leaf sheath, and spikes of non- 589 

mutant cultivars Bowman, Bonus, Atlas and Harrington, and compared them with two 590 

glossy mutants, glossy sheath 2 (Bowman-gsh2) and Glossy spike (Bowman-Cer-yy). 591 

Waxes were also investigated for the heterozygote state of glossy spike (Cer-yy/ cer-yy) 592 

and the natural allele from wild barley (Caesarea 24-26).  593 

 594 

Fine Mapping of GSH2 and CER-YY 595 

GSH2 and CER-YY were both mapped using near-isogenic lines containing the 596 

mutant alleles (gsh2.f, and Cer-yy.849) in the cv. Bowman background. The specific 597 

mutations have been retained in Bowman-derived backcross populations via serial 598 

backcrossing, namely BW405 (gsh2.f) and BW154 (Cer-yy) respectively. A BW405 x cv. 599 

Morex F2 population was used to fine map GSH2, while a BW154 x cv. Bowman F2 600 

population was used to fine map CER-YY. These specific crosses were chosen to 601 

maximize the population size as well as the number of polymorphic markers in the region 602 

of interest. All tissue samples were collected and freeze-dried for at least 72 hours in a 603 

VirTis Sentry freeze dryer (Model: 24DX48). DNA was isolated using the BioSprint 96 604 

DNA Plant Kit (Qiagen, Valencia, California, USA), and genotyped with the Sequenom 605 

MassArray iPlex platform at the University of Minnesota Genomics Center (UMGC) and 606 

KASP markers.  607 

Each 10 μL KASP reaction contained 1ul template DNA (~10 ng), 0.14 μL KBD 608 

assay (LGC Genomics, Beverly, MA, USA), 5μL 2X master mix (LGC Genomics, 609 

Beverly, MA, USA), and 3.86 μL of nuclease free water. The thermal cycling conditions 610 

for KASP chemistry was set to have a hot-start activation at 94°C for 15 minutes, then a 611 
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10 cycle touch down at 94°C (20 seconds) and 61°C – 55 °C (60 seconds, dropping 0.6 612 

°C per cycle), then cycled 31 times at 94 °C (20 seconds) – 55 °C (60 seconds), then 613 

subjected to a final cool down step to 4 °C. The 96-well plates were run and analyzed on 614 

the ABI StepOnePlus real-time PCR platform (Applied Biosystems, Foster City, CA). 615 

 616 

Resequencing candidates for GSH2 617 

 618 

 Primers were designed to span all intron-exon boundaries and used to amplify 619 

entire exon sequences for candidates. Each 40-μL PCR reaction contained 2ul template 620 

DNA (~40 ng), 20 μL EconoTAQ (Lucigen Corporation, Middleton WI), 4 μL per 621 

primer, and 10 μL of nuclease free water. PCR was carried out on the Veriti 96-well 622 

thermal cycler (Applied Biosystems, Foster City, CA). The reaction was initially 623 

denatured at 94°C for 5 minutes, then cycled 32 times at 94°C (30 seconds) - 60 °C (30 624 

seconds) - 72 °C (45 seconds), then subjected to a final elongation step at 72 °C for 10 625 

minutes. 5 μL of the PCR reaction was run through a 1.5% agarose gel to check for 626 

successful amplification and right amplicon size. The remaining PCR reactions were then 627 

purified with the MidSci PCR clean up kit (IB47020; www.midsci.com), and Sanger 628 

sequenced at the University of Minnesota Genomics Center. The results were analyzed 629 

with Geneious (Version 9.1.3; http://www.geneious.com; Kearse et al., 2012). 630 

 631 

Sodium azide mutagenesis  632 

 633 

10,500 homozygous Bowman-Cer-yy seeds were presoaked in distilled water for 634 

16 hours at room temperature and then treated with 1 mM sodium azide (NaN3) at pH 3.0 635 

for 1.5 hours. The M1 grains were then rinsed with water and planted in the field in St. 636 

http://www.midsci.com/
http://www.geneious.com/
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Paul, MN. The M1 plants were bulked. M2 seeds were planted in the greenhouse. The M2 637 

plants were individually harvested, and M3 seeds were planted in the field in St. Paul in 638 

2017 and each of the spikes of individual families were phenotyped upon flowering for 639 

waxy spikes (revertants).  640 

 641 

  642 
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Results 643 

Wax morphology on barley surfaces is organ specific 644 

To develop a baseline understanding of wax morphology and accumulation in 645 

barley leaves and spikes, the cvs. Atlas, Bonus, Bowman, and Harrington were examined. 646 

In wild-type cultivars, upper leaf sheaths (the three leaf sheaths at the top of the plant 647 

including the flag leaf sheath), leaf blades, and spikes are all glaucous in appearance. 648 

SEM analysis showed similar findings with distinct wax deposition on the surface of the 649 

flag leaf sheaths, leaf blades, and spikes (Figure 3, Figure 4, Figure 5,  and Figure 6). 650 

Each leaf sheath (except the coleoptile leaf) for cv. Bowman was surveyed throughout 651 

development over a six-week period. The flag leaf sheath will be referred to as leaf 652 

sheath 1, the leaf sheath below that will be leaf sheath 2 and so on. Phenotypically, leaf 653 

sheaths 4, and 5 for cv. Bowman look glossy to the naked eye. However, the upper leaf 654 

sheaths (1, 2, and 3) of cv. Bowman are glaucous and grayish-blue in appearance. In cv. 655 

Bowman, SEM showed that the leaf sheaths 1, 2, and 3 showed the presence of typical 656 

wild-type threadlike waxes on the abaxial side, however, the lower leaf sheaths (4, and 5) 657 

possessed crystalline waxes, more similar to leaf blade waxes (Figure 7). The abaxial 658 

surface of wild-type flag leaf sheaths is covered with long thread-like waxes, while the 659 

adaxial surface of the same leaf sheaths is completely devoid of waxes (Figure 5). Both 660 

the abaxial and adaxial surface of leaf blades for all four non-mutant cultivars possess 661 

crystalline waxes (Figure 4). Also, the abaxial surface of the lemma and palea of spikes 662 

in all non-mutant cultivars possessed dense, fibrous waxes (Figure 6). These microscopic 663 
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differences in epicuticular wax ultrastructure present on leaf blades, upper and lower leaf 664 

sheaths, and lemma/ palea of spikes of barley have not been explicitly reported. 665 

SEM analysis showed distinct differences in wax morphology and analysis 666 

between non-mutant cultivars, and the gsh2 and Cer-yy mutants used in this study. In 667 

Bowman-gsh2, all of the leaf sheaths possess crystalline waxes on the abaxial surface, 668 

despite having a glossy appearance (Figure 8). Their lower leaf sheaths contain 669 

comparably higher amounts of crystalline waxes than on the upper leaf sheath surfaces, 670 

possibly signifying that the wax production in lower and upper leaf sheaths are controlled 671 

by different genes, specifically the GSH2 gene that has undergone a loss of function 672 

mutation in gsh2. In cv. Bowman, the lower leaf sheaths were seen to have crystalline 673 

waxes throughout development, whereas, there is either co-accumulation or transition 674 

from crystalline waxes to thread-like waxes in the upper leaf sheaths in cv. Bowman. The 675 

overgrown thread-like waxes completely mask any crystalline waxes that may be present. 676 

The abaxial and adaxial surface of leaf blades in both mutants was covered with 677 

crystalline waxes, similar to that of the wild-type cultivars (Figure 4). The lemma and 678 

palea of the inflorescence of both mutants showed a drastic reduction of fibrous waxes 679 

that explained the glossy appearance of their spikes (Figure 9). The waxes on both 680 

Bowman-gsh2 and Bowman-Cer-yy kernels were sparsely distributed in the form of 681 

crystalline waxes during the earlier stages of development, and developed into more 682 

plate-like lobed waxes upon maturation. The abaxial surface of flag leaf sheath of Cer-yy 683 

(glossy spike) looked glaucous and contained thread-like waxes similar to non-mutants, 684 

whereas flag leaf sheath for gsh2 (glossy sheath) mutants completely lacked the thread- 685 
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like waxes and were instead covered with crystalline waxes that are similar to leaf blade 686 

waxes. Bowman, Bowman-Cer-yy, and Bowman-gsh2 lacked any wax covering on the 687 

adaxial surface of the leaf sheaths.  688 

The abaxial surface of the lemma and palea of kernels from wild type Harrington 689 

and Bowman both contain fibrous and thread-like waxes, while the wild barley derived 690 

RCSL line OSU060 and Cer-yy-Bowman contain patches of crystalline waxes. The 691 

lemma for both cvs. Bowman and Harrington one day after heading (1 DAH) showed the 692 

presence of slender thread-like waxes from early on in development and the waxes got 693 

more fibrous and dense as the kernels matured. The lemma from the Bowman-Cer-yy 694 

mutant however did not show any fibrous waxes at any developmental stage, but were 695 

covered with crystalline waxes similar to that of the leaf blades and lower leaf sheaths. 696 

The waxes accumulate over time and form a denser layer on the surface as kernels 697 

mature. The SEM pictures for waxes on the lemma for all four genotypes at 7 DAH is 698 

presented in Figure 10.  699 

An additional series of SEM was performed on the lemma and palea of 700 

homozygous glossy spike (Cer-yy/Cer-yy), heterozygous glossy spike (Cer-yy/cer-yy) 701 

and homozygous waxy spike (cer-yy/cer-yy) individuals from a segregating population of 702 

a cv. Bowman x Bowman-Cer-yy cross. Heterozygous and homozygous Cer-yy plants 703 

were distinguished using the BOPA marker 11_20373 located at the distal end of 704 

chromosome 1HS. The SEMs did not show any apparent differences between 705 

homozygous and heterozygous glossy spike individuals in either lemma or palea but 706 
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showed presence of dense, fibrous waxes on both the lemma and palea of homozygous 707 

waxy spike (Figure 11). 708 

 709 

Mode of inheritance of gsh2 and Cer-yy  710 

gsh2 and Cer-yy have been proposed to be recessive and dominant mutations, 711 

respectively (Franckowiak and Lundqvist, 1997). To confirm the recessive inheritance of 712 

gsh2, 40 F1 plants derived from crossing Bowman-gsh2 with Bowman, Morex, 713 

Harrington and Steptoe were examined, and all exhibited wax production on all leaf 714 

sheaths, leaf blade and spikes. To further confirm the recessive nature of gsh2, F2 715 

populations segregating for gsh2 exhibited 2341 waxy and 822 glossy individuals, 716 

demonstrating that gsh2 segregated as a 3:1 (waxy: glossy) ratio (chi-square p-value = 717 

0.1994) and a monofactorial recessive inheritance of the gsh2 mutation. Similarly, 16 F1 718 

individuals derived from crossing Bowman-Cer-yy with cvs. Bowman and Morex were 719 

examined and all showed the absence of waxes on the spike. The F1 hybrids for both 720 

crosses were allowed to self-pollinate to create F2 families. The collective data for both 721 

crosses does not show statistically significant results for dominant inheritance. However, 722 

looking at the two crosses separately, we see that the cv. Bowman cross segregated at the 723 

proper 3:1 glossy: waxy ratio (2 = 0.11), demonstrating a monofactorial dominant 724 

inheritance for Cer-yy. The cv. Morex cross may have shown a more biased result (2 = 725 

2.13x10-8) due to the <80% germination rate. The seeds from the cross that were planted 726 

were thin and small, most likely due to the failure to complete seed fill that glossy spike 727 

mutants exhibit. The data for all crosses is presented in Table 5 and Table 6. 728 
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To assess the inheritance of natural variants of GSH2 and CER-YY, we examined 729 

early generations of the AB-NAM population (Nice et al., 2016). The glossy spike and 730 

the glossy sheath phenotype were previously mapped in a wild barley derived advanced 731 

backcross nested association mapping population (AB-NAM; Nice et al. 2016). The AB- 732 

NAM population was developed by crossing 25 wild barley accessions from the Wild 733 

Barley Diversity Collection (WBDC) to a common Minnesota elite parent (cv. 734 

Rasmusson). The 25 wild barley parents were chosen to capture the allelic diversity and 735 

geographical range of wild barley in the Fertile Crescent. Among the 25 families, the 736 

glossy spike phenotype was seen to be segregating in 24 families, whereas the glossy 737 

sheath phenotype was seen to be segregating in three families. The lines segregating for 738 

glossy sheath, WBIP032_06, WBIP035_04 and WBIP348A_19, were traced back to the 739 

BC1F2 generation, and 48 seeds for each line were planted in the field at St. Paul and 740 

phenotyped two weeks after heading. A total of 33, 47, and 38 individuals germinated for 741 

WBIP032_06, WBIP035_04 and WBIP348A_19, respectively and each family 742 

segregated for the glossy sheath phenotype in a 3:1 (waxy: glossy) ratio with a chi- 743 

squared p-value (2) of 0.729 (Table 7). Forty-eight seeds from the BC1F2 generation of 744 

each of the remaining 22 wild barley introgression populations were planted to check for 745 

segregation pattern and genetic inheritance of the naturally glossy spike phenotype.  746 

Twenty-one families segregated for the glossy spike phenotype in a 3:1 ratio (2 = 747 

0.1635), however, one family derived from WBDC173 did not segregate for either glossy 748 

phenotype, consistent with prior AB-NAM results reported by Nice et al. (2016), and was 749 

excluded from the chi-square calculations (Table 8). These results indicate that the 750 
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natural variants of glossy sheath and glossy spike also follow a monofactorial recessive 751 

and monofactorial dominant inheritance, respectively, similar to that of the induced gsh2 752 

and Cer-yy mutants.   753 

 754 

Transpiration response in wildtype, and gsh2/ Cer-yy mutants is not significantly 755 

different  756 

To examine the transpiration rates of the gsh2 and Cer-yy mutants compared to 757 

non-mutant Bowman, we conducted a vapor pressure deficit experiment with Bowman, 758 

Bowman-gsh2 and Bowman-Cer-yy. In this experiment, we measured transpiration rates 759 

for all three genotypes over a range of vapor pressure changes in a climate controlled 760 

growth chamber. Transpiration responses for Bowman-Cer-yy and Bowman-gsh2 were 761 

not significantly different than Bowman (non-mutant) in either low or high vapor 762 

pressure deficit treatments according to a one-way ANOVA with calculated p-values of 763 

0.43 and 0.36 respectively (Figure 12).  764 

 765 

Fine mapping of GSH2  766 

The natural variant of GSH2 was mapped in an advanced backcross nested 767 

association mapping population to a ~7cM region of the genome on chromosome 3HL 768 

(Nice et al. 2016). Genotypic analyses of the Bowman-gsh2 near isogenic line with 769 

~3,072 SNPs showed that the mutant alleles were retained in specific genomic 770 

introgressions between markers 2_1212 (169cM) and ConsensusGBS0510-2 (174cM) on 771 

chromosome 3HL of the barley genome (Druka et al. 2011). A cv. Morex x Bowman- 772 

gsh2 F2 population was used to fine map GSH2. 1,769 F2 plants were phenotyped; out of 773 
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which 454 (25.66%) were glossy and the remaining 1315 (74.34%) were waxy. Of the 774 

454 exhibiting a glossy phenotype, 376 glossy individuals (gsh2/gsh2) were genotyped 775 

with 17 markers spanning a 9cM region on chromosome 3HL of the barley genome on 776 

the Sequenom iPlex MassArray platform. The markers used in the Sequenom analysis are 777 

presented in Table 9. SNPs were chosen to be evenly distributed in the region of interest. 778 

The Sequenom analysis results garnered a total of 83 recombinants with 14 polymorphic 779 

markers, but none of the markers that were used were polymorphic on the proximal side 780 

of the interval. KASP assays for several markers located proximal to the region were 781 

tested between the parents to ensure they were polymorphic. A KASP marker was 782 

identified that represented the BOPA marker 11_20009 and this marker was used to 783 

genotype the 376 individuals yielding six more recombinants and was confirmed as the 784 

proximal flanking marker. The iPlex genotyping coupled with KASP markers yielded a 785 

total of 89 recombinants, and reduced the region to ~2.12 cM within the flanking markers 786 

11_20009 and SCRI_RS_164704 on the proximal and distal ends, respectively.    787 

The 2.12 cM region consisted of 74 low and high confidence genes according to 788 

BARLEX (https://barlex.barleysequence.org). There were no established markers within 789 

the 2.12 cM region to further fine map this region. So, an alternate strategy was 790 

implemented to narrow down the region. Out of the 38 putative alleles of gsh2 acquired 791 

from Nordic genetic resource center, 17 were derived from mutagens (such as neutrons, 792 

gamma rays, X-rays, and ultraviolet rays) that are known to cause chromosomal deletions 793 

(Table 3). A set of primers for a single exon for each of the genes was designed and run 794 

through polymerase chain reactions on 20 total genotypes: 17 different putative alleles of 795 
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gsh2, along with gsh2.f, cer.b (alternate allele for gsh2.f), and cv. Bowman (WT). The 796 

rationale of the experimental set up was to discover chromosomal deletions in gene(s) 797 

caused by ionizing radiation in the fine mapped region shared by multiple alleles, which 798 

could potentially harbor the gene responsible for wax biochemical synthesis on leaf 799 

sheaths and spikes on barley. However, we were unable to detect any exonic deletions in 800 

the region for all of the genes we tested. Resequencing the PCR products in the two 801 

parents (Bowman-gsh2 and cv. Morex) helped us recover single nucleotide 802 

polymorphisms (SNPs) that were used to design 12 additional KASP markers to further 803 

fine map the region of interest (Table 10). The newly designed assays were used to 804 

further fine map the 2.12 cM region. Genotyping with these 12 markers localized GSH2 805 

to two contigs on chromosome 3HL between markers gsh2F_SNP_5 and gsh2F_SNP_8 806 

(Table 10). There are 17 genes present in this 1.5 cM region located on two different 807 

contigs (contig_48304, and contig_47895) with a gap of unknown size in the middle of 808 

the contigs. Six high confidence genes in the region with known functional annotations 809 

(S-acyltransferase, Laccase 2, MATE Efflux Protein, Laccase 17 (a), Laccase 17 (b), and 810 

GRAS family transcription factor), and two other candidate genes just outside the region 811 

(Myb transcription factor, and ABC transporter protein) were resequenced via Sanger 812 

sequencing. To attempt to identify mutations associated with the mutant phenotype, the 813 

candidate genes were resequenced in seven total genotypes. Primers were designed to 814 

span the entire length of the genes with an average size of 500bp each and a 120bp 815 

overlap with each successive primer. The genotypes chosen were cvs. Atlas (progenitor 816 

of the gsh2.f allele in gsh2-Bowman), Bonus (progenitor to three alternate alleles cer- 817 
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b.193, cer-b.623, and cer-b.769), and Bowman (recurrent parent for the near-isogenic 818 

lines) along with the mutant alleles gsh2.f, cer-b.193, cer-b.623, and cer-b.769. No non- 819 

sense or missense mutations were discovered in the exon sequences following 820 

resequencing in four different alleles of the gsh2 mutant and comparison to their non- 821 

mutant progenitors. Synonymous mutations retained between Bowman-gsh2 and cv. 822 

Atlas confirmed that Atlas was the progenitor of the gsh2.f mutant allele. Similarly, cer- 823 

b.193, cer-b.623, and cer-b.769 shared several synonymous as well as non-synonymous 824 

mutations with cv. Bonus indicating that none of the observed mutations are causative for 825 

the glossy sheath phenotype. No splice variants were observed for any of the resequenced 826 

genes. SNPs discovered following the resequencing efforts were used to design four more 827 

KASP markers (gsh2F_SNP_9-12; Table 10) that helped fine map the final region to 828 

approximately 1 cM containing a total of 11 genes (Figure 13).  829 

The sequence information for flanking markers for gsh2 were used to BLAST 830 

search their position on the Brachypodium genome to gain insight into the level of 831 

synteny, compare the number and identity of genes in the region, and resolve the issue of 832 

a possible gap in the minimum tiling path (MTP) version of chromosome 3HL of the 833 

barley genome in the fine mapped region. The markers that were used were gsh2f_SNP_5 834 

and gsh2f_SNP_8, with sequence information presented in Table 10. The region yielded 835 

17 total genes between 615,578,439 to 616,219,702 bp on chromosome 3HL as reported 836 

in BARLEX (barlex.barleysequence.org/). The same markers were positioned on to the 837 

Brachypodium genome using the BLAST function on Phytozome 838 

(https://phytozome.jgi.doe.gov/) indicating that they mapped to chromosome 2 of 839 

http://barlex.barleysequence.org/
https://phytozome.jgi.doe.gov/
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Brachypodium genome. A vertical ideogramic layout of the syntenic relationship of 840 

chromosome 2 of Brachypodium distachyon (Bd2) and chromosome 3 of barley (Hv3) 841 

was produced using comparative genome viewer web tool available on Crows Nest 842 

(https://pgsb.helmholtz-muenchen.de/crowsnest/) that confirmed a highly syntenic 843 

relationship between the two chromosomes (Figure 14). The genomic region of barley 844 

(615,427,000 bp – 616,293,000 bp) and its syntenic region on Brachypodium (53,237,000 845 

bp – 53,336,000 bp) was observed using the genome browser tool on GEVO (Genome 846 

Evolution Tool; https://genomevolution.org/coge/), which resulted in the presence of 847 

fourteen and eleven gene models in the region respectively. No additional genes were 848 

recovered in Brachypodium that would explain the presence of a key wax biosynthesis 849 

gene or the presence of a gap in the barley genome. 850 

 851 

Fine Mapping of CER-YY 852 

 The natural variant of CER-YY was mapped in an advanced backcross nested 853 

association mapping population to a ~5 cM region of the genome on the distal tip of 854 

chromosome 1H (Nice et al. 2016). In another study, genotypic analyses of the Bowman- 855 

Cer-yy near-isogenic line with ~3,072 SNPs showed that the mutant alleles were retained 856 

in specific genomic introgressions between markers 0cM and 7cM on the distal end of 857 

chromosome 1HS of the barley genome (Druka et al. 2011). A Bowman x Bowman-Cer- 858 

yy population of 1,024 individuals was used to further fine map CER-YY. The F2 plants 859 

were phenotyped, out of which 746 (72.86%) were glossy and the remaining 278 860 

(27.14%) were waxy. A subset of 376 (269 Glossy: 107 waxy) individuals were 861 

https://pgsb.helmholtz-muenchen.de/crowsnest/
https://genomevolution.org/coge/
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genotyped with two markers, 11_20373 and 12_30933, that were ~6 cM apart. Sequence 862 

information for polymorphic markers between cvs. Bowman and Bonus are presented in 863 

Table 11. Forty-one recombinants were recovered, which was higher than the expected 864 

six recombinants per 100 individuals we genotyped. The markers were chosen on the 865 

basis of polymorphisms between cv. Bonus and Bowman based on the haplotype data 866 

available on T3/Barley (https://triticeaetoolbox.org/barley/). The glossy individuals from 867 

the F2 population were progeny tested to distinguish between the homozygous and 868 

heterozygous glossy individuals and to ensure prior phenotyping was done correctly. 415 869 

homozygous glossy (CER-YY/ CER-YY) and 254 heterozygous glossy (CER-YY/ cer-yy) 870 

families were identified. At this point, we confirmed the phenotyping of the F2 871 

population, and delimited the position of the gene within 0cM – 6cM on the distal end of 872 

chromosome 1HS.   873 

Four polymorphic markers: 11_20373 (~277,000bp), 11_30969 (968,000 bp), 874 

11_20502 (~1,900,000 bp), 11_60145 (~4,200,000bp) were used to genotype the 41 875 

recombinants, among which marker 11_20373 was seen to be co-segregating with the 876 

glossy spike phenotype. KASP assays of these markers were designed based on the 877 

sequence information from T3/barley (https://triticeaetoolbox.org/barley/) and genotyped 878 

on Bowman, Bonus, Morex, and Cer-yy-Bowman to determine markers polymorphic for 879 

the mapping populations that were being used. Current fine mapping has the region 880 

narrowed down to a 1.2 Mbp region between markers 11_20373 and 11_21067 ( 881 

Figure 15) that are 1.5cM apart based on information available on BARLEX. 882 

These results are consistent with results from collaborators who mapped the putative 883 

https://triticeaetoolbox.org/barley/)
https://triticeaetoolbox.org/barley/)
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natural variant of the Cer-yy allele in a recombinant chromosome substitution line to the 884 

same region on chromosome 1HS (Campoli and Waugh, Unpublished). The region 885 

contains 46 genes that are distributed across 4 contigs that includes 27 genes with high 886 

confidence annotations, 18 genes with unknown function and 1 transposable element. 887 

Among the 27 genes with high confidence functional annotations for CER-YY, there are 888 

six high confidence candidate genes based on their reported functional annotations. 889 

HORVU1Hr1G000120.4 encodes for a cytochrome P450 superfamily protein, 890 

HORVU1Hr1G000140.1 is a phospholipid-transporting ATPase gene, 891 

HORVU1Hr1G000150.13 encodes for an O-acyltransferase (WSD1-like) family protein, 892 

HORVU1Hr1G000190.3 encodes for a fatty acyl Co-A reductase 1 (FAR1) 893 

HORVU1Hr1G000270.1 encodes for an elongation defective 1 protein (ELD1), and 894 

HORVU1Hr1G000320.14 encodes for an esterase/ lipase/ thioesterase family protein.  895 

 896 

Mutagenesis of glossy spike seeds yielded no revertants   897 

  To attempt to identify intragenic suppressors of Cer-yy, we mutagenized 898 

homozygous Cer-yy and looked for wildtype individuals in the M3 generation. Intragenic 899 

Cer-yy suppressors would be the result of mutations in the Cer-yy dominant allele, 900 

resulting in a non-functional Cer-yy gene and the production of waxes on the spike. 3,700 901 

individual M1 plants were harvested with a kill rate of 65% during the first round of 902 

mutagenesis. 11,340 M2 seeds were planted, among which ~86% (n= 9,810 plants 903 

germinated), ~13.5% (n=1530) did not germinate, and ~2% (n=220) were albinos. There 904 

was a high level of sterility among of germinated plants, with only ~72.5% (n=7,107) 905 
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individuals setting seed. One glossy sheath individual was identified in the M2 generation. 906 

1 glossy leaf, 2 six-rowed glossy spike and 21 glossy sheath families were identified in 907 

the M3 generation. However, no revertants were recovered.  908 

 909 

Discussion 910 

Fine mapping GSH2 and CER-YY 911 

One of the goals of this project was to fine map regions in the genome that 912 

contained the causative genes for the glossy sheath and glossy spike phenotypes. GSH2 913 

was fine mapped to a ~0.6 Mbp region on 3HL and the CER-YY was fine mapped to a 914 

~1.2 Mbp on 1HS and corroborates previous mapping results for mapping glossy sheath 915 

and glossy spike on chromosome 3HL and 1HS, respectively (Nice et al. 2016; Druka et 916 

al. 2011). The fine mapped region of gsh2 consists of 11 genes in two different contigs. 917 

Among the genes present, the high confidence candidate genes based on their functional 918 

annotations as reported on BARLEX were Horvu3Hr1G086080.15 (S-acyltransferase), 919 

Horvu3Hr1G086090.1 (Rotundifolia like 8), Horvu3Hr1G086100.1 (Laccase 2), 920 

Horvu3Hr1G086160.1 (Laccase 17), Horvu3Hr1G086200.1 (Laccase 17), 921 

Horvu3Hr1G086160.1 (MATE efflux family protein), Horvu3Hr1G086000 (Myb family 922 

transcription factor). The candidate genes along with some genes outside of the final fine 923 

mapped region were resequenced between cvs. Bowman, Atlas, Bonus and four different 924 

putative alleles of ghs2 with the goal of recovering causative mutations between the 925 

mutant and non-mutant lines that may explain the loss of gene function. However, no 926 

causative mutations were recovered. All of these genes are harbored in two separate 927 
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contigs (FPC_contig_48304 and FPC_contig_47895), which is potentially separated by a 928 

gap containing one or more genes (Beier, personal communications), which may be a 929 

prime reason why we have not been able to identify the causative gene. Zhou et al. (2017) 930 

fine mapped cer.b, an alternative allele of gsh2.f, to a 1.3 cM (~1.4 Mbp) region on 931 

chromosome 3HL flanked by two genes MLOC_10972 (614,800,000 bp) and 932 

MLOC_69561 (616,219,702 bp) which encompasses our region. Similarly, our 933 

collaborators in the Waugh lab at the James Hutton Institute have mapped the putative 934 

natural variant of Cer-yy gene in a recombinant chromosome substitution line to the same 935 

~1.2 Mbp region at the distal tip of chromosome 1HS flanked by two BOPA markers, 936 

11_20373 (277,000 bp) and 11_21067 (1,431,785 bp) (Campoli and Waugh, personal 937 

communication).  938 

Both the gsh2 and Cer-yy mutants are similar to the cer –c, –q, and –u glossy 939 

mutants in that they lack the beta-diketones and hydroxy-beta-diketones in their 940 

epicuticular waxes (Zhao et al. 2017; Lundqvist and von-Wettstein Knowles, 1982). The 941 

Cer –c, –q, and –u locus has been extensively studied in barley and has been described to 942 

be controlled by three genes: chalcone synthase-like polyketide synthase (DKS), lipase/ 943 

carboxyl transferase, and a P450 enzyme respectively (Schneider et al. 2016). The 944 

identification of these genes has led to the validation of the polyketide synthase pathway 945 

proposed by von Wettstein Knowles (2012), and established a new major pathway for the 946 

production of beta-diketone waxes in plants. In wheat, the W1 locus is associated with the 947 

glaucousness of leaf sheaths, peduncles and spikes, and is in a syntenic position to the cer 948 

–cqu gene cluster (Tsunewaki and Ebana 1999). Extensive genetic studies to understand 949 
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the molecular nature of this locus has shown that there are three highly expressed genes 950 

in the sub-telomeric region of chromosome 2BS that bear high homology to barley Cer – 951 

cqu genes (Hen-Avivi et al. 2016). To confirm the role of identified wheat orthologs of 952 

cer –c and cer -q in beta-ketone production, their expression was knocked down using the 953 

barley mosaic virus mediated gene silencing system that converted the regularly glaucous 954 

Bobwhite wheat cultivar to be non-glaucous (Hen-Avivi et al. 2016).  955 

Along with the newly validated polyketide synthase pathway, a different 956 

regulatory mechanism has been shown to be involved in beta-diketone wax production in 957 

wheat. The recent cloning of the Inhibitor of Wax 1 (Iw1) locus in durum wheat, a 958 

dominant repressor of beta-diketone wax production, showed that Iw1 (along with its 959 

homolog Iw2) encodes a microRNA with 1051bp long hairpin precursors which target 960 

and repress the expression of putative carboxylesterase genes that are responsible for 961 

beta-diketone synthesis in wheat. Interestingly, the glossy spike (Cer-yy) phenotype in 962 

barley is also a dominant loss of wax phenotype that may be a result of some similar 963 

lncRNA-mediated miRNA based silencing mechanisms. Further research is needed to 964 

identify the causative genes underlying both mutants. The mapping populations, and 965 

polymorphic markers should serve as useful resources to identifying the genes and the 966 

causative mutations that disrupt the wax biochemical synthesis pathway that give rise to 967 

the glossy sheath and glossy spike phenotypes. The cloning of these genes will help 968 

advance knowledge about the polyketide synthase pathway of wax production in barley 969 

and other members of the Triticeae tribe. 970 

 971 
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Compared to wildtype, gsh2 and Cer-yy mutants do not exhibit transpiration 972 

differences 973 

Various plant organs and biological surfaces might be pressured by different 974 

stressors based on their environment and developmental stage. The amount of wax 975 

coverage, morphology, and chemical composition may be optimized based on 976 

geographical region, environmental stressors, as well as the age of plants. There have 977 

been many reports of the importance of the cuticle and cuticular waxes in limiting the 978 

rate of water loss through transpiration in plants. This leads us to assume that, overtime; 979 

natural selection would predominantly select for entirely waxy barley. But we know that 980 

wild barley populations that exhibit different glossy phenotypes still grow extensively in 981 

the hot and arid Fertile Crescent regions indicating that the presence/ absence of waxes 982 

on some organs like the leaf sheath and the spike may not have a profound consequence 983 

in terms of water conservation in barley. This can also be seen from the non-significant 984 

difference in transpiration rates for glossy and waxy barley in response to high and low 985 

vapor pressure deficit conditions. Zeisler-Diehl and Schreiber (2016) Zeisler-Diehl 986 

(2018) have shown that epicuticular wax does not contribute to the transpiration barrier 987 

formation of leaves, which is essentially formed by intracuticular waxes. 988 

Jackson (1971) and Lundqvist (1968) reported on the lack of beta-diketones on 989 

surface lipids of glossy sheath mutants. Previous reports have reported superior yields of 990 

glossy sheath plants at lower altitudes than that in higher altitudes due to the presence of 991 

lower levels of ultraviolet radiation damage (McProud, 1971). The average agronomic 992 

performance of gsh2 mutant isoline is not significantly different from its recurrent parent 993 
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cultivar in terms of yield, test weight, kernel plumpness, height, or lodging in all well 994 

irrigated areas, but were significantly inferior in each of those categories in dryland 995 

environments (Baezinger et al. 1983). Beta diketones and hydroxy-beta-diketones are the 996 

most abundant barley wax class in the spikes and leaf sheaths (von Wettstein Knowles, 997 

1972). Beta diketones absorb ultraviolet radiation in the same region of the spectrum as 998 

nucleic acid and amino acids, serving a dual role in preventing UV damage as well as 999 

desiccation in plants. This means that glossy sheath individuals might suffer from 1000 

increased penetrance into and greater UV damage since they lack the protective layer of 1001 

epicuticular waxes. Another inference from this might be that development of thick 1002 

thread-like wax covering on the upper internodes is a response to the direct sunlight and 1003 

UV contact compared to lower internodes that are in the canopy coverage.  1004 

 1005 

Barley waxes exhibit tissue specificity 1006 

SEM analysis on different tissues showed varying wax morphologies on different 1007 

tissues and developmental stages. Three distinct kinds of waxes are present in barley 1008 

dependent on the developmental stage and organ, with long-threadlike waxes on the 1009 

upper leaf sheaths (generally the top three leaf sheaths including the flag leaf sheath), 1010 

crystalline/ plate-like waxes on the leaf blades and lower leaf sheaths, and dense fibrous 1011 

waxes on the lemma and palea of spikes. The eceriferum mutants we investigated also 1012 

demonstrated tissue specificity. Cer-yy mutants lacked dense fibrous waxes on the lemma 1013 

and palea of spikes, but were completely glaucous on all of the leaf sheaths and leaf 1014 

blades. gsh2 mutants lacked both the dense fibrous waxes on the lemma and palea of 1015 
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spikes and the thread-like waxes on the upper leaf sheaths, but produced a normal amount 1016 

of crystalline waxes on the leaf blades and lower leaf sheaths. Epicuticular waxes are 1017 

important for physical and chemical protection against pests, microbe invasion, harmful 1018 

radiation, uncontrolled transpiration, etc., therefore, justifying their ubiquitous presence 1019 

on aerial surfaces of barley. The fact that multiple genes control wax production and 1020 

accumulation on different organs of barley may also hint at evolutionary selection in 1021 

barley that ensured epicuticular wax production and covering maximum surface area, 1022 

despite loss of function mutations on certain genes. For instance, the leaf blades of both 1023 

the glossy sheath and glossy spike mutants had comparable wax deposition to that of non- 1024 

mutants, and cover a larger total surface area of barley plants compared to the leaf sheath 1025 

and spikes.   1026 

 1027 

 1028 

 1029 

 1030 

 1031 

 1032 

 1033 

 1034 

 1035 

  1036 
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Figures 1037 

 1038 

Figure 1: The biosynthesis and transport of epicuticular wax in different model plant 1039 

species. Fatty acid synthases (FAS) synthesize C16 and C18 fatty acids in the plastid. They 1040 

are elongated to very long chain fatty acids (VLCFAs; C26 to C34) in the endoplasmic 1041 

reticulum. VLCFAs can then be modified through different biosynthetic pathways to 1042 

generate a mixture of aliphatic compounds of waxes through acyl reduction and 1043 

decarbonylation pathways. However, it may also be converted to beta-diketones and beta- 1044 

hydroxy-diketones, major components of leaf sheath and spike waxes in barley and 1045 

wheat, through a beta ketoacyl elongation pathway.  1046 
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 1047 

Figure 2: Phenotypic comparison of cv. Bowman with BW154 (Bowman-Cer-yy) and 1048 

BW405 (Bowman-gsh2). A) Bowman (WT) spike, leaf sheath, and leaf blade are waxy. 1049 

B) Bowman-Cer-yy exhibits glossiness of the spike, while the C) Bowman-gsh2 is glossy 1050 

on the leaf sheath and spike. 1051 
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 1052 

 1053 

 1054 

Figure 3: The wild-type cv. Bowman, along with its SEM micrographs showing the 1055 

microstructure of organ specific waxes in the spike, leaf sheath and leaf blade A) Seven- 1056 

week old cv. Bowman (WT) with waxy spike, waxy leaf sheath and waxy leaf blade. B) 1057 

Characteristic spike waxes (lemma) that are dense and fibrous. C) Characteristic thread- 1058 

like leaf sheath waxes present on the abaxial surface of the upper leaves. D) Crystalline 1059 

leaf blade waxes. The white bars for scale represents 10um. 1060 

 1061 

(Note: The palea of the spike shows similar waxes to that of the lemma, the adaxial 1062 

surface of leaf sheaths are devoid of waxes completely, and both abaxial and adaxial 1063 

surfaces of leaf blades show similar crystalline waxes)  1064 
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 1065 

 1066 

Figure 4: Crystalline leaf blade waxes on the adaxial surface of the flag leaf for four wild- 1067 

type cultivars Bowman (A), Atlas (B), Bonus (C), Harrington (D), and two glossy 1068 

mutants, glossy sheath (Bowman-gsh2) (E), and glossy spike (Bowman-Cer-yy) (F) are 1069 

presented.  1070 

 1071 

(Note: The abaxial surface for all six genotypes investigated also contains similar waxes, 1072 

but have not been presented. The samples were taken from the mid-section of the leaf 1073 

blade avoiding the midrib or any surface that might have experienced interference during 1074 

sampling or mounting) 1075 

 1076 

A B C 

   

D E F 
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 1077 

 1078 

Figure 5: Flag leaf sheath waxes for three wild-type barley cultivars, cvs. Bowman, 1079 

Bonus and Atlas are presented. (A), (B), (C) show the thread-like waxes on the abaxial 1080 

surface of flag leaf sheath of cvs. Bowman, Bonus and Atlas, whereas (D, (E), and (F) 1081 

shows the absence of waxes on the adaxial surface. The white bars represent 10um.  1082 

 1083 
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 1084 

Figure 6: SEM micrographs of epicuticular waxes on the lemma of four different non- 1085 

mutant cultivars: (A) cv. Bowman , (B) cv. Harrington, (C) Bonus, and (D) Atlas 1086 

containing dense fibrous waxes. The white bars represent 10um. 1087 

 1088 

(Note: The palea of the spike shows similar waxes to that of the lemma, but has not been 1089 

presented here.) 1090 
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 1091 

 1092 

Figure 7: SEM micrographs of the abaxial surface of leaf sheaths of cv. Bowman taken 1093 

after 9 weeks from emergence. The leaf sheaths were labeled in ascending order of 1 1094 

through 5, with flag leaf sheath designated as leaf 1 for SEM purposes, and each leaf 1095 

below it labeled accordingly. Leaf sheaths 5 (A), and 4 (B) possess crystalline waxes, 1096 

whereas leaf sheaths 3 (C), 2 (D) and 1 (flag leaf sheath; E) possess long thread-like 1097 

waxes. The white bar for scale represents 10 um. 1098 

 1099 

A B 

D E 

C C 
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 1100 

 1101 

 1102 

Figure 8: SEM micrographs of the abaxial surface of leaf sheaths of Bowman-gsh2. The 1103 

leaf sheaths were labeled in ascending order of 1 through 5; with flag leaf sheath 1104 

designated as leaf 1 for SEM purposes, and each leaf below it labeled accordingly. Leaf 1105 

sheaths 5 (A), and 4 (B) possess a more dense coverage of crystalline waxes, while leaf 1106 

sheath 3 (C), 2 (D) and 1 (flag leaf sheath; E) possess depleted levels of crystalline 1107 

waxes. The white bar for scale is equal to 10 um.  1108 

 1109 
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 1110 

Figure 9: SEM micrographs showing the difference in epicuticular wax accumulation on 1111 

the abaxial surface of the lemma of spikes in A) cv. Bowman, B) Bowman-Cer-yy, and 1112 

C) Bowman-gsh2. The white bar for scale represents 10 um 1113 

 1114 

(Note: The palea shows similar waxes to that of the lemma, but has not been presented 1115 

here.) 1116 

 1117 

 1118 

 1119 

 1120 

 1121 

 1122 

 1123 

 1124 

 1125 

 1126 

 1127 

 1128 

 1129 
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 1130 
 1131 

Figure 10: SEM micrographs showing the morphology of epicuticular waxes on the 1132 

abaxial surface of lemma in cv. Bowman (A), cv. Harrington (B), Bowman-Cer-yy (C) 1133 

and OSU060 (D) at 7 days after heading. Bowman and Harrington have non-mutant 1134 

fibrous waxes whereas Bowman-Cer-yy and OSU060 does not possess any fibrous 1135 

waxes, but contains plate-like waxes. The white bar for scale is equal to 10 um.  1136 

 1137 

(Note: The palea shows similar waxes to that of the lemma, but has not been presented 1138 

here.) 1139 

 1140 
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 1141 

 1142 
Figure 11: SEM micrographs of the surface of lemma and palea of homozygous glossy 1143 

spike (Cer-yy/Cer-yy), heterozygous glossy spike (Cer-yy/cer-yy), and homozygous 1144 

waxy spike (cer-yy/cer-yy). A) and D) represent the lemma and palea of homozygous 1145 

glossy spike (Cer-yy/Cer-yy), respectively, which lack characteristic fibrous waxes, and 1146 

are indistinguishable from B) and E) that represent the lemma and palea of heterozygous 1147 

glossy spike (Cer-yy/cer-yy), respectively. C) and F) represent the surface of the lemma 1148 

and palea of homozygous waxy individuals (cer-yy/cer-yy) that contain dense, fibrous 1149 

epicuticular waxes. The white bar for scale measures 10um. 1150 

 1151 
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 1152 

 1153 

 1154 

Figure 12: Transpiration responses of cv. Bowman and two barley wax mutant isolines, 1155 

Bowman-gsh2 and Bowman-Cer-yy, in the cv. Bowman background to low and high 1156 

vapor-pressure-deficit (VPD). One-way ANOVA shows non-significant difference in 1157 

transpiration rate at both low and high VPD between the three genotypes. The bar 1158 

represents mean +- standard error from six replicates. 1159 
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 1160 

 1161 

 1162 

Figure 13: Diagrammatic representation of fine mapping of gsh2. A) Sequenom and 1163 

KASP marker analysis reduced the fine mapped region from a 9 cM region to a 2.12 cM 1164 

region (~3Mbp between markers 11_20009 and SCRI_RS_164704) with 89 total 1165 

recombinants. B) Custom designed KASP markers based on polymorphisms between the 1166 

two parents was used to fine map the recombinants to a ~1 cM (~600Kbp) region on 1167 

chromosome 3HL. C) The list of genes present in the fine mapped region along with the 1168 

BACs they are contained in, as well as a possible gap between the two final contigs based 1169 

on data available on BARLEX (The Barley Genome Explorer). 1170 

 1171 

 1172 

 1173 

 1174 

 1175 

 1176 
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  1177 

 1178 

Figure 14: The highly syntenic relationship between chromosome 2 of Brachypodium 1179 

distachyon (Bd2) and chromosome 3 of barley (Hv3) is shown with a vertical ideogramic 1180 

layout using Crows Nest comparative map viewer. A ~99 kbp region of the 1181 

Brachypodium genome containing eleven genes that is syntenic to a ~900 Kbp region of 1182 

the barley genome with fourteen genes is presented. 1183 
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 1184 

 1185 

Figure 15: Diagrammatic representation of fine mapping of Cer-yy. A) The ~4Mbp 1186 

(6cM) region defined on the distal tip of chromosome 1HS expected to contain CER-YY 1187 

based on association mapping in the AB-NAM population. B) The fine mapped region 1188 

for CER-YY measuring ~1.2 Mbp (1.5cM) between markers 11_20373 and 11_20167. C) 1189 

The distribution of different genes, long non-coding RNAs, JA induced proteins, and 1190 

disease resistance proteins are shown present in the fine mapped region are shown   1191 
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Tables 1192 

 1193 

Table 1: List of genes in Arabidopsis, maize, rice, and barley that have been associated with wax biochemical synthesis, along with 1194 

their function, and mutant phenotype.  1195 

Gene  Organism Phenotype  Function 

 

CER1/ 

CER22 

 

Arabidopsis 

thaliana 

 

ECERIFERUM1 (cer1) 

mutants display glossy 

green stems and fruits and 

are conditionally male 

sterile. 

 

Expression of the CER1 gene associated with production of stem 

epicuticular wax and pollen fertility. Biochemical studies showed that 

cer1 mutants are blocked in the conversion of stem wax C30 aldehydes 

to C29 alkanes, and they also lack the secondary alcohols and ketones. 

These suggested the CER1 protein is an aldehyde decarbonylase, but the 

exact molecular function of this protein remains to be determined. 

 

CER2/ 

VC2 

 

Arabidopsis 

thaliana 

 

ECERIFERUM2 (cer2) 

mutants possess bright 

green stems and siliques 

 

Encodes a component of the fatty acid elongation machinery required 

for C28 to C30 fatty acid elongation. It does not require the 

acyltransferase catalytic site for biological function.  
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Gene 

 

 

CER3/ 

WAX2/ 

FLP1/ 

YRE  

Organism 

 

 

Arabidopsis 

thaliana 

Phenotype 

 

 

The total wax amount 

on wax2 leaves and stems 

was reduced by >78%.   

Function 

 

 

Encodes a transmembrane protein with similarity to the sterol desaturase 

family at the N-terminus and to the short-chain 

dehydrogenase/reductase family at the C-terminus. Mutant analyses 

indicate this protein is involved in cuticle membrane and wax 

biosynthesis. The mRNA is cell-to-cell mobile. 

CER4/ 

FAR3/ 

G7 

Arabidopsis 

thaliana 

ECERIFERUM4 (cer4) 

mutants exhibit major 

decreases in stem primary 

alcohols and wax esters 

Encodes an alcohol-forming fatty acyl-CoA reductase, involved in 

cuticular wax biosynthesis. Lines carrying recessive mutations are 

deficient in primary alcohol and have glossy stem surfaces. 

CER6  Arabidopsis 

thaliana 

Bright green stems and 

siliques, pollen-pistil 

incompatibility and 

reduced plant height  

Encodes KCS6, a member of the 3-ketoacyl-CoA synthase family 

involved in the biosynthesis of VLCFA. 

CER7 Arabidopsis 

thaliana 

ECERIFERUM7 (cer7) 

mutants possess bright 

green stems and siliques 

Encodes a 3'-5' exoribonuclease, positively regulates CER3 

transcription, involved in cuticular wax biosynthesis. 
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Gene 

 

CER9 

Organism 

 

Arabidopsis 

thaliana 

Phenotype 

 

ECERIFERUM (cer9)    

mutants exhibit elevated 

cuticle membrane 

thickness over epidermal 

cells and cuticular ledges 

with increased occlusion 

of the stomatal pore.  

Function 

 

Encodes a protein involved in cuticular wax biosynthesis. Lines 

carrying a recessive mutation in this locus have reduced chain-length 

distribution, weakly glaucous stem surface, and has reduced fertility in 

early flowers, non-spreading floret, downward cupped leaves, leaf 

waxes nearly pure C24 and C26 acid. 

 

CUT1 

 

Arabidopsis 

thaliana 

 

Waxless (eceriferum) 

stems and siliques as well 

as conditional male 

sterility. 

 

Encodes KCS6, a member of the 3-ketoacyl-CoA synthase family 

involved in the biosynthesis of VLCFA. 

CYP96A

15/ 

MAH1/ 

Cytochr

omeP45

0 

Arabidopsis 

thaliana 

Stem wax of T-DNA 

insertional mutant alleles 

was found to be devoid of 

secondary alcohols and 

ketones (mah1-1) or to 

contain much lower levels 

of these components 

(mah1-2 and mah1-3) 

than wild type.  

Encodes a CYP96A15, midchain alkane hydroxylase, involved in 

cuticular wax biosynthesis. 
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Gene 

 

KCS1 

Organism 

 

Arabidopsis 

thaliana 

Phenotype 

 

Phenotypic changes in the 

kcs1–1mutant included 

thinner stems and less 

resistance to low humidity 

stress at a young age. 

Complete loss of 

KCS1expression resulted 

in decreases of up to 80% 

in the levels of C26 to 

C30 wax alcohols and 

aldehydes.  

Function 

 

Encodes a condensing enzyme KCS1 (3-ketoacyl-CoA synthase 1) 

which is involved in the critical fatty acid elongation process in wax 

biosynthesis. 

 

LTPG 

 

Arabidopsis 

thaliana 

 

Mutant plant lines with 

decreased LTPG expressi

on have reduced wax load 

on the stem surface  

 

Arabidopsis LTPG is a Glycosylphosphatidylinositol-anchored lipid 

transfer protein required for export of lipids to the plant surface 

 

RESUR

RECTIO

N1/RST

1 

 

Arabidopsis 

thaliana 

 

rst1 mutants display 

reduced wax in 

inflorescence stems and 

leaves, and produce 

shrunken nonviable seeds 

due to arrested embryo 

development. 

 

A novel protein, did not show high similarity to any protein of known 

function; reveals a novel genetic connection between lipid synthesis and 

embryo development. Expressed in all tissues examined including 

leaves, flowers, roots, stems, and siliques, but accumulation levels were 

not correlated with the degree to which different organs appeared 

affected by the mutation. 
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Gene 

 

WSD1  

Organism 

 

Arabidopsis 

thaliana 

Phenotype 

 

wsd1 mutants display 

severely reduced wax 

ester levels of in the stem 

wax 

Function 

 

Encodes a bifunctional enzyme, wax ester synthase (WS) and 

diacylglycerol acyltransferase (DGAT). In vitro assay indicated a ratio 

of 10.9 between its WS and DGAT activities. Both mutant and in vivo 

expression/analysis in yeast studies indicated a role in wax biosynthesis. 

 

 

CER26 

 

 

Arabidopsis 

thaliana 

 

 

cer26 mutants have the 

same load of leaf and 

stem waxes as compared 

to wild-type, but have a 

more pronounced effect in 

the disappearance of stem 

waxes in conjunction with 

cer26.  

 

 

cer26 acts on the synthesis of compounds with 30 or more carbons. 
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Gene 

 

GLOSSY

1 

Organism 

 

Maize 

Phenotype 

 

Epidermal cells of gl1 

seedling leaves are almost 

waxless, except for 

stomata subsidiary cells 

and cells of the leaf 

borders. Wax extrusion on 

gl1 leaves is reduced in 

size and has a round 

shape in contrast to the 

crystalline microstructure 

of wild-type epicuticular 

wax. GL1 expression is 

not restricted to the 

juvenile developmental 

stage of the maize plant,   

Function 

 

Shares 62% protein level identity with Arabidopsis wax2 

 

GLOSSY

2 

 

Maize 

 

gl2 mutant seedlings have 

a glossy leaf surface 

which is different from 

the dull surface of wild-

type seedlings.  

 

The Glossy2 (Gl2) locus of maize is required for the formation of the 

epicuticular wax layer of young plants. 

 

GLOSSY

4 

 

Maize 

 

gl4 mutants have fewer 

wax crystals than a 

wildtype leaf and are 

glossy due to altered 

accumulation of 

epicuticular waxes. 

  

The gl4 gene is a homolog of the Arabidopsis CUT1 gene, which 

encodes a condensing enzyme involved in the synthesis of very-long-

chain fatty acids, which are precursors of epicuticular waxes. 
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Gene 

 

GLOSSY

8 

Organism 

 

Maize 

Phenotype 

 

gl8 mutants have reduced 

amounts of seedling 

cuticular waxes to about 

one-third that of wild-type 

levels.  

Function 

 

May code for a beta-ketoacyl reductase required for the biosynthesis of 

cuticular waxes 

 

GLOSSY

13 

 

Maize 

 

Later in development, 

mutant seedlings develop 

rolled leaves that exhibit 

necrotic lesions.  

 

gl13 is involved in the transport of epicuticular waxes onto the surfaces 

of seedling leaves 

 

GLOSSY

15 

 

Maize 

 

Loss-of-function 

mutations at the maize 

Gl15 locus alter the 

normal transition from 

juvenile-to-adult growth 

by conditioning the 

abbreviated expression of 

juvenile epidermal cell 

traits and the coordinate 

precocious expression of 

adult epidermal cell 

features. These include 

epicuticular wax 

composition, cell wall 

characteristics. 

 

The Gl15 gene encodes a putative transcription factor with significant 

sequence similarity to the Arabidopsis regulatory genes APETALA2 and 

AINTEGUMENTA, which act primarily to regulate floral organ identity 

and ovule development 
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Gene Organism Phenotype Function 

 

WSL2 

 

Rice 

 

The mutants leaf cuticle 

membrane is thicker and 

less organized than that of 

the wild type with total 

wax diminished by ~80%. 

The mutant is also 

sensitive to drought stress.   

 

It is shown to encode a homologue of the Arabidopsis 

thaliana genes CER3/WAX2/YRE/FLP1 and the maize gene GL1. An 

analysis of the overall composition of the wax revealed that the mutant 

produces a substantially reduced quantity of C22–C32 fatty acids, which 

suggests that the function of WSL2 is associated with the elongation of 

very long-chain fatty acids. 

    

CER-

CQU 

Barley The cer-c, -q and -

u mutations affect the wax 

crystals on the uppermost 

leaf sheaths and exposed 

internodes plus the spikes 

(glumes and lemmas), but 

not those on the leaf 

blades. While in most cer-

c and -q mutants the noted 

cuticle surfaces are bright 

green (non-glaucous) in 

contrast to the blue 

(glaucous) of the wild 

type, those of the cer-

u mutants have an 

intermediate phenotype. 

Cer-c is a chalcone synthase-like polyketide synthase, designated 

diketone synthase (DKS), Cer-q is a lipase/carboxyl transferase, and 

Cer-u is a P450 enzyme. 
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Table 2: Distribution of 5 different phenotype categories of eceriferum mutants and 1196 

number of loci associated to each of them. Data adapted from Lundqvist and Lundqvist 1197 

1988. 1198 

 1199 
Spike Leaf 

Sheath 

Leaf 

Blade 

Category of mutant No. of 

Loci 

- - ++ “Spike and leaf sheath” mutants 8 

+ + ++ “Partial” mutants 19 

- + ++   

+ - ++   

- ++ ++ “Spike” mutants 23 

+ ++ ++   

++ ++ - “Leaf blade” mutants 25 

++ ++ +   

- / + - / + - / + “Spike, leaf sheath and leaf blade” 

mutants 

4 

 1200 

 1201 

 1202 

 1203 

 1204 
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Table 3: Summary all putative alleles of gsh2 in different parental backgrounds are listed 1205 

with their respective mutagen treatments and concentration/dose. 1206 

 1207 

Allele Name Parent Mutagen Concentration/Dose 

gsh2-1 

cer-b. 

1037 Carlsberg II Ethyl methanesulfonate 1.0% x 3hrs 

gsh2-2 

cer-b. 

1059 Carlsberg II Ethyl methanesulfonate 1.0% x 5 hrs 

gsh2-3 cer-b. 109 Maja X-Rays 4 500 rad 

gsh2-4 

cer-b. 

1099 Kristina N-methyl-N-nitrosoura 0.5mM x 24hrs 

gsh2-5 

cer-b. 

1129 Kristina Ethyl methanesulfonate 0.25% x 24hrs 

gsh2-6 

cer-b. 

1267 Kristina Iso-propyl methanesulfate 1.4% x 5hrs 

gsh2-7 

cer-b. 

1269 Kristina Iso-propyl methanesulfate 1.4% x 5hrs 

gsh2-8 cer-b. 147 Pallas Gamma rays 1 620 rad 

gsh2-9 cer-b. 169 Bonus Ethylene imine 0.04% x 5hrs 

gsh2-10 cer-b. 182 Bonus 

Propane disulfonic acid diethyl 

ester 0.25% x 24 hrs 

gsh2-11 cer-b. 193 Bonus Neutrons 500 rad 

gsh2-12 cer-b. 2 Maja X-Rays 4 500 rad 

gsh2-13 cer-b. 209 Foma X-Rays 18 000 rad 

gsh2-14 cer-b. 222 Foma Ethylene imine 0.02% x 2hrs 

gsh2-15 cer-b. 319 Foma Ethylene imine 0.03% x 5hrs 

gsh2-16 cer-b. 336 Foma Gamma rays + 13 500 rad+ 

   Ethyl methanesulfonate 0.15% x 24hrs 

gsh2-17 cer-b. 337 Foma Gamma rays + 13 500 rad+ 

   Ethyl methanesulfonate 0.15% x 24hrs 

gsh2-18 cer-b. 377 Foma N-butyl methanesulfonate 0.5% x 24hrs 

gsh2-19 cer-b. 4 Bonus X-Rays 9 000 rad 

gsh2-20 cer-b. 412 Cambrinus Neutrons 450 rad 

gsh2-21 cer-b. 418 Foma Neutrons 490 rad 

gsh2-22 cer-b. 424 Foma Neutrons 490 rad 

gsh2-23 cer-b. 427 Foma Gamma rays 10 000 rad 

gsh2-24 cer-b. 531 Foma N-butyl methanesulfonate 0.7% x 24hrs 

gsh2-25 cer-b. 549 Foma Ethyl methanesulfonate 1.2% x 5hrs 

gsh2-26 cer-b. 623 Bonus Neutrons 300 rad 

gsh2-27 cer-b. 64 Bonus Ethylene imine 0.02% x 2hrs 

gsh2-28 cer-b. 66 Bonus Gamma rays 2 000 rad 

gsh2-29 cer-b. 751 Bonus Neutrons 500 rad 

gsh2-30 cer-b. 769 Bonus Ethyl methanesulfonate 0.25% x 24hrs 

gsh2-31 cer-b. 79 Bonus Gamma rays 110 d x 43rad/day 
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Allele Name Parent Mutagen Concentration/Dose 

gsh2-33 cer-b. 799 Bonus Ethylene imine 0.05% x 5hrs 

gsh2-34 cer-b. 800 Bonus Ethylene imine 0.05% x 5hrs 

gsh2-35 cer-b. 910 Bonus Iso-propyl methanesulfate 0.6% x 5hrs 

gsh2-36 cer-b. 932 Bonus Neutrons 200 rad 

gsh2-37 cer-b. 94 Bonus Ultraviolet 1 min 

gsh2-38 cer-b. 96 Bonus Gamma rays 720 rad 

 1208 

 1209 
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Table 4: Summary of all putative Cer-yy alleles in different parental backgrounds is listed 1210 

with their respective mutagen treatments and concentration/dose. 1211 

 1212 

Accession Name Parent Mutagen Concentration 

Eceriferum-yy.1717 Bonus Neutrons 500 rad 

Eceriferum-yy.437 Foma Ethyl methanesulfonate 0.5% x 5hrs 

Eceriferum-yy.649 Bonus Gamma rays 6 750 rad 

Eceriferum-yy.650 Bonus Gamma rays 6 750 rad 

Eceriferum-yy.849 Bonus Ethylene oxide 0.14% x 5hrs 

Eceriferum-yy.898 Bonus Iso-propyl methanesulfate 0.6% x 5hrs 

Eceriferum-yy.919 Bonus Gamma rays 6 750 rad 

Eceriferum-yy.920 Bonus Neutrons 300 rad 

Eceriferum-yy.923 Bonus Neutrons 300 rad 

Eceriferum-yy.929 Bonus Neutrons 200 rad 

Eceriferum-yy.935 Bonus Neutrons 200 rad 

Eceriferum-yy.941 Bonus Iso-propyl methanesulfate 0.6% x 5hrs 

Eceriferum-yy.966 Bonus Neutrons 200 rad 

Eceriferum-yy.968 Bonus Neutrons 200 rad 

Eceriferum-yy.974 Bonus Ethylene oxide 0.05% x 5hrs 

Eceriferum-yy.975 Bonus X-Rays 9 000 rad 

Eceriferum-yy.982 Bonus Neutrons 300 rad 

Eceriferum-yy.983 Bonus Neutrons 200 rad 

Eceriferum-yy.984 Bonus Neutrons 200 rad 

 1213 

 1214 
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Table 5: List of plant materials used along with a short summary of its origin and use. 1215 

 1216 

 

Material Description 

Bowman  Wild-type; recurrent parent of the NILs used for fine mapping 

Bowman-gsh2 
glossy sheath NIL; gsh2.f mutant allele introgressed into cv. Bowman 

(BW405) 

Bowman-Cer-yy 
Glossy spike NIL; Cer-yy.849 mutant allele introgressed into cv. Bowman 

(BW154) 

Atlas  Progenitor for the gsh2.f mutant allele 

Bonus Progenitor for the Cer-yy.849 mutant allele 

Caesarea 26-24 
Hordeum vulgare ssp. spontaneum accession from Israel exhibiting the 

glossy spike phenotype 

Harrington 
Wild-type; recurrent parent of RCSL OSU060; North American malting 

quality standard in the early 2000s 

OSU060 
Recombinant chromosome substitution line carrying the chromosomal 

segment from Caesarea 26-24 responsible for the glossy spike phenotype  

AB-NAM 

Advanced Backcross Nested Association Mapping Population created by 

Nice et al. (2016) by backcrossing 25 wild barley accessions twice to a 

common parent Rasmusson 
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Table 6: Segregation of gsh2.f in in four F2 populations. The Bowman-gsh2 near-isogenic 1217 

line was crossed to four cultivars Bowman, Harrington, Morex and Steptoe, then selfed to 1218 

produce F2 mapping populations. The number of mutant and wild type plants per 1219 

population is shown. 1220 

 1221 

Crossing 

Parent  

Mutant Wildtype 
Total  

Mut (%) WT(%) Chi Square  

    P-value 

Morex 454 1315 1769 25.66 74.34 0.51 

Bowman 177 479 656 26.98 73.02 0.24 

Steptoe 143 427 570 25.09 74.91 0.96 

Harringto

n 
48 120 168 28.57 71.43 0.285 

Total 822 2341 3163 25.99 74.01   
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Table 7: Segregation of Cer-yy in two F2 populations. The Bowman-Cer-yy near-isogenic 1222 

line was crossed to two cultivars Morex and Bowman, then selfed to produce F2 mapping 1223 

populations. The number of mutant and wild type plants per population is shown. 1224 

 1225 

Crossing 

Parent  

Mutant Wildtype 
Total  

Mut (%) WT(%) Chi Square  

    P-value 

Morex 993 454 1447 68.62 31.38 2.13x10^-8 

Bowman 746 278 1024 72.86 27.14 0.11 

Total 1739 732 2471 70.37 29.63   

 1226 
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Table 8: The data for the segregation of the wild glossy sheath and glossy spike alleles is 1227 

presented in A) three BC1F2 backcross families suggest a monofactorial recessive 1228 

segregation for the glossy sheath phenotype, and B) 22 BC1F2 backcross families suggest 1229 

a monofactorial dominant segregation for the glossy spike phenotype. 1230 

 1231 

A) 1232 

Family Total 

Exp 

Glossy 

Exp 

Waxy 

Obs 

Glossy 

Obs 

Waxy 

Glossy 

% 

Waxy 

% 

Chi-Sq 

P Value 

W032 33 8.25 24.75 7 26 21.21 78.79 0.729 

W035 47 11.75 35.25 11 36 23.4 76.6  

W348A 38 9.5 28.5 8 30 21.05 78.95   

 1233 

B) 1234 

Family Total 

Exp 

waxy 

Exp 

Glossy 

Obs 

Waxy 

Obs 

Glossy 

Waxy

% 

Glossy 

% 

Chi-Sq 

Value 

W016 48 12 36 13 35 27.08 72.92 0.1635 

W020 48 12 36 10 38 20.83 79.17  
W028 45 11.25 33.75 10 35 22.22 77.78  
W042 41 10.25 30.75 9 32 21.95 78.05  
W061 38 9.5 28.5 10 28 26.32 73.68  
W082 47 11.75 35.25 16 31 34.04 65.96  
W092 44 11 33 14 30 31.82 68.18  
W103 48 12 36 14 34 29.17 70.83  
W115 48 12 36 13 35 27.08 72.92  
W142 43 10.75 32.25 14 29 32.56 67.44  
W150 41 10.25 30.75 11 30 26.83 73.17  
W172 40 10 30 9 31 22.50 77.50  
W173 46 11.5 46 0 46 0.00 100.00  
W182 46 11.5 34.5 15 31 32.61 67.39  
W227 39 9.75 29.25 9 30 23.08 76.92  
W234 43 10.75 32.25 13 30 30.23 69.77  
W255 47 11.75 35.25 10 37 21.28 78.72  
W292 44 11 33 10 34 22.73 77.27  
W302 36 9 27 9 27 25.00 75.00  
W336 45 11.25 33.75 16 29 35.56 64.44  
W340A 42 10.5 31.5 9 33 21.43 78.57  
W350 44 11 33 13 31 29.55 70.45  
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Table 9: List of markers that were used to genotype the cv. Bowman x gsh2-Bowman mapping population with the iPLEX MassArray 1235 

Sequenom SNP genotyping and KASP platforms.  1236 

 1237 

Name 
A 

allele 

B 

allele 

2016 Map 

Position 
Sequence 

11_20009 CC GG 613898250 

CATGCCTGGGTGATCTAGTAGGAGTACACATGTGAGGGCATGTCAATGTTTCATCCGCCCTCCAAAGGA

ATCGACCGTGTTCTTCATGCCGATCGTGAAGCCAAGCCGCCAAGTGATTTT[C/G]ATGATCGACTTATAT

ACCAGCCTAGGATTACCAGCAGTGCGTGCGTACATTACAACAATGTGCATCARCGTGGAGCGCGCCGA

GCTGAGCTGAGCTGAGCTGAGCATCGGTCACCCGACG 
SCRI_RS_

172266 
AA GG 614514415 

TGTGTGCCCTCTTTGTTCTAGTGCATGCTGTAAACAGCTTATATATGTGGAACTTGCGAG[A/G]CTTGTTT

AAACTGTTGAGGATGTATGTGCATTAGTCATTTCCGGTGTTGTTTCCCAATGA 

SCRI_RS_

164704 
AA GG 616610427 

CATTGGATTGGGGAGAGGATTTCGTAGAGGCCATCGTAGCTCTAGTGGCAATTGTTTTTG[A/G]TTTCTT

CACTTGATTAGGGAAATAATAATACCATGTGTAGAAAAAAAAAAAAAAAAGAAA 

SCRI_RS_

221787 
AA GG 616703523 

GTACCGCTTGTTGGCTTGCGCCCGCCCTTGTGCGGAGTGGAGTGGTTGCTGCTTTTGCCC[A/G]TCGCCA

TTGCCGGCGTCGGGGTGCGGGCGGGCGGGCGGGCGGACTCACCCACGCGCGGGT 

SCRI_RS_

187928 
TT CC 616729201 

CTTATTGACTGTAATGAGGGGTGTCCTCTGACTGTTTGAGGGTATGGAGAAACTGCGAGC[C/T]AAGGA

AGCAGGAGGCCGCGGAAGTGGCGAGGCTGTCTGCGATGCTGTTGGTGAGGCACGG 

11_21212 AA GG 617339425 

GATGAGGAAGGCCTCTGGGCCAGCAACTGCTGCCAAGTCCATTTACGAGGATGATCAGGGCTACTTAAT

AATGGTCACCTTACCATTTGTTGATCAGCAGAGGGTAAAGGTTTCGTGGAA[A/G] 

AACACTCCTACCCATGGCATAGTTAAAATCTTTTGTGTTAGTACAGCCCGGATGCCATACATAAGGAGA

CATGACAGGGTCTTCAAGCTCACTGACGCTATGCCTGAGCACTGCCCTCCT 

11_21161 TT GG 617523850 

TGACTCCACCGGCGCTCGAGCCGGTGGACGTGCGCCGCCGCCGCCCGTCAGTGGTTATCTCCGGGATCG

ATGTAGCGTAGTGTGTGTCATCTACTTCCACTCATCTGTCATGTGGAAGTG[G/T] 

TCGAGTAGGCTCCGGAGACTGCCGGCCCGGAGTACTTGGTGATGTAGTAGTTCGGCCCTGTTTCGATCC

ATGTCGTTGGCTGCTCTGATTCCACTCTGAAATAACATACATGTTTAGATG 

11_20023 TT CC 617763235 

GAATCACCGGCAAATATTGAAGCAGCAAAGGACTGGAGAGAGAAGCAGGATGAGTTCAAGAAGAAGG

TTAGGCGTGCCGTAAGGAAATCCCAGGAAATGCTCTGAATAAAATGGGAGTAC[C/T] 

GGGGAAGTTAGCCATGCCATTTCAGGTGTGGAGGGTTTTGCTGTCGATCTCCAAATGTCCATCCGACAC

TAGCAATTTCACTTCTCCCCTGTATATTTTCCATTGGCCTGTCTCCTGTGG 

SCRI_RS_

225641 
TT CC 617765531 

CCTTAAACTCAGCACACAGCAAGTGATGATGATGCTGCCGTCACTGGAGACAGTCAATGG[C/T]GAAGG

AGACCCTGGCTGGTGTTGCCGCTGGCCATGCAGATCTGGTGAAGGGGTGACCTCC 

SCRI_RS_

133339 
AA GG 618054826 

GGCATACATTGAGTTTGTTGACAGAGAGAACGAACTCCGAGAGGCCAAACCTGCAACGCC[A/G]CCACC

GCCTCAGCGGGTTCCACTTGATCCATGGGCCAAATCTCGTGCTAGCCAGCAATGG 

SCRI_RS_

7396 
TT CC 618182626 

CCACCTCAACTACGACATCTACGACATCGAGCTCACCACCCTCGAGACCAACAGCGATCT[C/T]CGCAA

GCTCTTCATCGAGACGACGGGCAAGTCCATCATCGTCATCGAGGACATCGACTGC  
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Name 
A 

allele 

B 

allele 

 

2016 Map 

Position 

Sequence 

SCRI_RS_

211929 
AA CC 618836068 

TCTGGCGCTGGTTTTCTGGGTCTTCACGAAGAGCGACTTCTCGAAAGCCATCTTGGAGGA[A/C]GCGGAG

GGCCAGTCGTCGGCGTAGTACTTSACGGCCACGCGCTTCCCCTCCGCGTCCAGC 

11_21277 AA GG 620572155 

TCCATCATCATACACAACACTGTACCAATTGCTTTCACTGTCATACTTGACAACTTTCCCTGCAAAAYAC

TTGTCTCCAAACTGCTTTCTCACTTTCCGCCCTTCTAGCCATTCACCAAA[A/G]CGATGATCAACTCGAGA

TCCTGGAGCATCTCTTACTGAAGGTTGTGAACCAGATGCGAAATCAGGAGGCAAGTCTGGGACACCATT

GATAATGATGGCAGGCTCCCTGTATACTTTGACA 

11_10312 TT CC 622816911 

CTATCCCACCATTCAGGTGGGTTGTACTAGTGGCCGTGTTGAGCATGARGCAAGCACATCCAAAATTGG

AGAGGACCAGCTGTTTTACTTTCAGCAAAGGGGGATAGATCATGAAAAGGC[C/T]GTTGCAGCCATGAT

CGGTGGATTCTGTAGGGCCGTCTTTGAACACCTTCCTTACGAGTTTGCCCAGGAGGTGGATGCACTTAT

GAACCTGAAGCTGGAGGGATCAGTTGGCTAAGTTCTT 

SCRI_RS_

131897 
AA GG 682347085 

CGTGGCTGACAAGTCTGAAAGGGATAGAGAGAGGAGCAGGAGGGAAAAAAGATGCAATGT[A/G]ATCA

AGACCTATGTTTCTTTTAGCGTTCGTATGTARTCCGTACGGTTCAGATCCCAGATA 

 1238 

 1239 

 1240 

 1241 

 1242 

 1243 

 1244 

 1245 
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Table 10: List of KASP markers based on SNP polymorphisms recovered after sequencing exonic sequences for close to 68 genes 1246 

located within the fine mapped region after fine mapping via Sequenom. 1247 

SNP ID Sequence 

gsh2F_SNP_1 

GTCCTTCCAGGCTTTTGGATGGATATTGGCCAGCCAAGGGATTACATCACTGGCTTGCGTCTCTATCTAGATTCACTTAGGAAGAAA

TCAGCTGCCAAGCTGGCCG[T/C]CGGAGAACATTTTGTTGGGAACGTCCTGGTGCACGAGAGTGCCAAGATTGGGGAGGGCTGTCTG

ATTGGCCCTGATGTTGCTATTGGACCTGGATGC 

gsh2F_SNP_2 

GGTGGGCTTCGTGGGGGGCGGCGGGGAGGAGGAGATGGACGAGGACGGCGCGCGGGAGGAGGCGGGGAAGGGGCAGGTCGTGCT

GATGTGGGGCTACCTCCCCGGCGTCTCGCCGCAGCGCTCGCCGCTGCTGGGCCCCGTGCCCGTCAGGCTGCCCCCGGCGGCGGCCGG

CGACGC[C/T]TGGAGGGACGTCTGCGGCGGAGGGTGCGGCTTCGCCATGGCCATCTCCGGTGACGCCTCGCGCTCTCCCTCCCCATTC

CGTGCTCCGTTTCTGTTGTGCTGGTTTCGGTTAGTTCGTTGGT 

gsh2F_SNP_2 

AGATTGTTGCTGTTGCTGTTGCTGCTGCTGAAGCTGCTGCATAATGTGCTGCTGCTGCAACAACTGCTGGGCATTGAGATGTGGATG

CTGTTGTTGGGCTTGTGCAATCTGGTGTGGAGTCAGCCCTGTTTTCTGAAGTTGTTGCATCAATAGCATCCTTTGCTGCTGCTGAATTT

G[G/A]TGTTGCGATGGTGAGGCCAAAGATGATTGCATGTGCTTCAACCACTGCTGCTGCTGTTGTTGCGAAGATGACATTTGCATCAT

CTGCCCATTTTGTGACACTCCAGGCAGTTGTGAGTTTAATCCTGTGATCGATGC 

gsh2F_SNP_3 

TTCGACGCAGGAGCAGCCCAGGCCATCCAGTAATTGCTAGCAATGTGAAGCACTTCAAAAGATATCTGAGCGAGCAGCACGAATGG

TACAAGAGCTCCCCCATAAGCTA[T/C]GGTGAGGTACTTCCAGTAGACCCAAAACCCCACCCTGCCCCTCTCCCTTTCTTCTTCCTGTA

CCAGCTGCCCATTCTGACCATGGCCATCATCTTGTTTGACATTTTGCTTATCCTTTTTCTCAGCTGATGGTAGTGACCCG 

gsh2F_SNP_4a 

AAGGGGAAAACGTTTTTCAGATCTAAGCCCCATATTGTTTTTCTAGATGTTGGCATGACTGCTGAGCTCTCAGTAGCTGACCGTGAT

AACTTAAAAC[T/A]ATTCTTCAAGGCGGTTGCTGTCAGAGATGGTCGTACAGCTGCTAAGTGTAYGTTAAAATTATCAGAAAACCAG

AACTGTCCAAACCCAACAGCCTTTAGTGAGGTAAACCATGAATCGTTTAGGCAATATTTAGATCTTAATCAG 

gsh2F_SNP_4b 

AAGGGGAAAACGTTTTTCAGATCTAAGCCCCATATTGTTTTTCTAGATGTTGGCATGACTGCTGAGCTCTCAGTAGCTGACCGTGAT

AACTTAAAACWATTCTTCAAGGCGGTTGCTGTCAGAGATGGTCGTACAGCTGCTAAGTGTA[T/C]GTTAAAATTATCAGAAAACCAG

AACTGTCCAAACCCAACAGCCTTTAGTGAGGTAAACCATGAATCGTTTAGGCAATATTTAGATCTTAATCAG 

gsh2F_SNP_5 

CGATGCCGCGGCTCTCCGGGAAGTTCTTGACGCAGGTGACGAGCGCGCCGGTGTTGGCGAAGGACTGCGAGTTGGCGCCGATGAAG

ATGTAGAGGCAGACGAGCCAGACGGGCGGGCGGGCGGTGCGTCCATCGACGGCGAGGTAGACCATGAGGTAGCCGACAAGGTTCA

TGGCGGCGCCAATGGCGAGCACGACCCAGGGCGGCGTGACCTCGTTGATGAGCCC[G/C]GAGAAGACGCCGAGGTTGGCGCCGAGG

TCCTTGAGAAGGAGATGGTGTTGAGCGTCTGCTGGTTGTACCCCAGCGACGACTTGAGCGTCTTGGAGTAGATGCTGAAGATGTAGG

TCGCCCCCGACGCCGTGAGGATGGCGAAGCTCGCGAACACCGTGAACCACCTCCCCACGGCCACTTGCCGGGCGAACCATGCCGTG

AAGATCACGCGCAGAGGGCCCTTCGGCGCCGCCGCCGGCGA  

gsh2F_SNP_6a 

CCTCCTTCCCTTTCAACGTCGGGCTACTCCGGTGTGGGTTACAATCTGAACGATCCGGCCACCGTGYRGAACTTTTTCCGCATTACCC

ACGA[G/A]AAATTGTGCAAGGTGATGTTCAAGCCTCGGAAGACTTGGCCAGCTGAAAAGGAAGACATCGGTATCACCATTATCAACC

C 

gsh2F_SNP_6b 

CCTCCTTCCCTTTCAACGTCGGGCTACTCCGGTGTGGGTTACAATCTGAACGATCCGGCCACCGTG[CA/TG]GAACTTTTTCCGCATTA

CCCACGARAAATTGTGCAAGGTGATGTTCAAGCCTCGGAAGACTTGGCCAGCTGAAAAGGAAGACATCGGTATCACCATTATCAAC

CCTCTGAGACCGGTAAGGTTTTATCATATATTTTGTTTTTTCCCT 
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SNP ID Sequence 
 

 

gsh2F_SNP_7a 

 

  

TCGCGCCAGGTAAGCCTAGTCTCTCTCCCTCCGGCCGCGCCGCCTGCTCTCATCCCCGCCCGTCCCCGTCCGGCGGCTCCGGGTGCAT

CGGCTCACGGTGTGCGATGTTCGGTCCCCCTAGGGTTATCTGCTCGGGGGCCATGGCGTGTTC[A/C]GYGCGCCGCTACCTTCGCMTT

CGCCGCCGCCGGGGGGCGACAGCGCCGGGCTGYGGCTCGTGCGTCGCTACCTGACGTCCGCTCTGGGKAGCCGGGCTGCGGCGGCC

AATGGGGCCGGGAAGGCCCGAGGCTGGAGGTCCCTGCTCGCCAACTCGCAGTCCCGGCGGATGTTCTCCGACCAGTCGAAAAAGAG

TGAGCTTTCTTCCCTGTTTTCTTGTCCCTTTCATCCGCTTAACCGGTGCCCTGTTGATGATGCGGCCCCTAAATGGT 

gsh2F_SNP_7b 

TCGCGCCAGGTAAGCCTAGTCTCTCTCCCTCCGGCCGCGCCGCCTGCTCTCATCCCCGCCCGTCCCCGTCCGGCGGCTCCGGGTGCAT

CGGCTCACGGTGTGCGATGTTCGGTCCCCCTAGGGTTATCTGCTCGGGGGCCATGGCGTGTTCMG[C/T]GCGCCGCTACCTTCGCMTT

CGCCGCCGCCGGGGGGCGACAGCGCCGGGCTGYGGCTCGTGCGTCGCTACCTGACGTCCGCTCTGGGKAGCCGGGCTGCGGCGGCC

AATGGGGCCGGGAAGGCCCGAGGCTGGAGGTCCCTGCTCGCCAACTCGCAGTCCCGGCGGATGTTCTCCGACCAGTCGAAAAAGAG

TGAGCTTTCTTCCCTGTTTTCTTGTCCCTTTCATCCGCTTAACCGGTGCCCTGTTGATGATGCGGCCCCTAAATGGT 

gsh2F_SNP_8 

CCTGCCCATCGCCTCCGGATCTAACAGGAACAAGCACCTCCTCTGTCCTTCGCCTTCTCGCAGGCTGCTCTGCCCTCACCTTGTTTCC

TCCGGGTCTATCTTGCTCTGGTTATTAGTTG[A/G]CGTCTGGCGGCAAGATACCACGGCCGCCTCCTACCAGCCCATGTATTTGTACG

CATTCGCTGCCTTGGCTGGCCGTTCTAGCAGGTCAAAGCTCTCGAGCGGTCGCCAGCGTGAGAAAGGGGGTGCCCGTGGAGAAAGC

TGCTGTTTGGACCGGTTCAAGGC 

gsh2F_SNP_9 

TCGCCGCCTACGCCCTCGCCGTCACGCGCGACCCGGGCCGCGTGCCGCC[C/G]GCCTTCGTGCCGGACGTCGAGGACGCCGAGACCC

C 

gsh2F_SNP_10 CGTGATGGTAGTGGTGCTGTCCGTCAACGCGGCGGAGAGCTCCACGGTGGAGTACCAGTTCGA[T/C]GTGAGTTGCTCAGCTGTTG 

gsh2F_SNP_11 

CGTCGCAGGCACGGCGTCCGGCAGATGCGGAC[T/C]GGATGGGCGGACGGGCCGGCGTACATCACGCAGTGCCCGATCCAGACGGG

GCAGACCTACGTGTACA 

gsh2F_SNP_12 

CCTGCGCCGTCAACGGGACGTGCCAGGGGCCGACGAACGACAGCCGGTT[C/T]GCGGCGGCCGTGAACAACGTCTCCTTCGTGCTCC

CCACGACGGCGCTGCTG 

 1248 

 1249 
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Table 11:  List of markers found to be polymorphic between cv. Bowman and BW154 (Cer-yy-Bowman) with their respective 1250 

positions and sequence information. 1251 

 1252 

Marker Chr Position 
Bow-

man 

BW

154 
Sequence Information 

11_20479 1H 71,683 TT CC 

CTTTCTGGAGAAGAAGACGAACCGGGCCAACAAGGTGTCCTTCTCCAACCACAAGAC

CAAGAAGCAGCAATTTGTGAACCTGCAGTACAAGAAGCTGTGGTGGGAGGCCGGAA

AGCGCTA[C/T]GTCAAGCTCAGGCTCTCCACCAAGGCCCTCAAGACAATCGAGAAGC

ACGGCCTCGACGCCGTCGCCAAGAAGGCCGGCATCGACCTCAACAAGAAATGAGTG

ATGATGACCCATAGCATA 

11_20373 1H 263,584 GG AA 

CTGGCCGTGGACAAGTGGGGGACGCTCAAGGCCGCCGAGAGCCCGGCGGACTCAAG

GTCAAGGAGGACAACAACGTGTCCTTGATCGAGTTTGAGCTCATGACGTTCTGCAGT

GAAGC[A/G]ATTGAAGAAGCCTCCTCCTCGCCTAGGAGGGGAGGCAGAGGATGATGC

TCAGCAGCTGTTAGGCTGAGCAAAGCAATAAGCGGCCAATCATGGCTCATGTTTTCT

CTTTTCTCTCTCT 

11_20373 1H 263,584 GG AA 

CTGGCCGTGGACAAGTGGGGGACGCTCAAGGCCGCCGAGAGCCCGGCGGACTTCAA

GGTCAAGGAGGACAACAACGTGTCCTTGATCGAGTTTGAGCTCATGACCGTTCTGCA

GTGAAGC[A/G]ATTGAAGAAGCCTCCTCCTCGCCTAGGAGGAGGAGGCAGAGGATGA

TGCTCAGCAGCTGTTAGGCTGAGCAAAGCAATAAGCCGGCCAATCATGGCTCATGTT

TTCTCTTTTCTCTCTCT 

12_30653 1H 272,697 CC TT 

AAACCTACATCCATACATCACATGCTACAATCACTTATGCGCCGTACAATCCAGATTT

AG[C/T]CCGTGAAGTATCGCATTCTTCGTTCCCAGCTGCCATCGACAGGAGCTCCGCT

GCGCAGCA 

JHI-

Hv50k-

2016-358 

1H 291,655 CC GG 

AGTGTGATGGTTATTTGTTTCATCCCTTGTCTGAGTAGACTGCAGGCATATCTGTGAA

AA[C/G]GAGAATCRGATTTTAAGTTCATCGAATCGAACAGATATCGCTRTAAGCATCG

AAACATGC 

JHI-

Hv50k-

2016-392 

1H 474,959 CC TT 

ARTTAATMTTATCTTACAACAGTCTCAATGACAGTGAGCGGTGTACTACTTTTATGCT

TA[T/C]CAACTATCGGGAGCYGRGGTGTACGTAMRGCTATATATAGGTGGCTTTCGAT

CGMTCAAC 

JHI-

Hv50k-

2016-786 

1H 969,026 AA CC 

CGCCATCAAGCTCCAGGACATCGACGGCGGGGACAAGAAGCCCGTCGACTTCATGG

AGGC[A/C]ATCAACTTCGTCAACAAGATCAAGGCCAGGTTCCAGGCGCAGGACCACG

TCTACAAGTCC 
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Marker 

 

Chr 

 

Position 

 

Bow-

man 

 

BW

154 

 

Sequence Information 

JHI-

Hv50k-

2016-

1422 

1H 1,430,891 TT AA 

ACAYTGTCATGATAAGCTTTSSAGACACCCAATCATTGCAGGAAATGCATGRCATTTC

AT[A/T]GACAGCAAAACAACAAGATGAGGAGATAATCCAAGCAAAATGAACCGAGTT

TAAATTAAA 

11_21067 1H 1,431,785 CC TT 

GAGATGGGAAAAATTCAACAGCGAGAAGGTGGCAACACTCGCATATGCTAGAATCC

AGGGCAGAAAGCAATTAGTTGCCCATTTTCAGAATTCTAGCCTGATGAATGAAGACA

AAGGGTG[C/T] 

CGCCCTATACTCTTCGGCGAGGATGGGGTGCAGGAACCTTTCCCTGTTGGGAACAAC

ATCCGGCCTAGGTCCGGGAGGAACAGGCCGCTCCACAGCTCGGACACCAGAGGAGA

CGCGAGC 

JHI-

Hv50k-

2016-

1895 

1H 1,891,790 AA GG 

ACTCCCTCAACCACCACAAGAATCATTCCCCCAACCCCCACAATCATACCCTCAACC

ACC[A/G]TTACAACCTTTTCCTCRGCCACCACAAGAATCATTCCCYCARCCCCCACAA

TCATACCCT 

11_20502 1H 1,913,952 CC AA 

GCAAAATCCAGATGCGGGGATGCAAGATGATAGCCATCTAGATGAAACTCAGACCA

CTGGAAGCTCCCCGCACTCACTAATGACCACCTTCTTCTTCGGGCGGTCACCTCTGTC

AGTCTC[A/C] 

GATGACTCTATCATCCTTACGATGTCCATGCCTTCAAGAACCTGGCCAAAGACAACG

TGTCTCCCGTCCAGCCACGGAGTCTTGACTGTGCAGATGAAGAATTGGCTGCCGTTG

GTGTTC 

SCRI_RS

_66630 
1H 4,164,495 CC TT 

ACACAATTTCTGATGTAGACAAATTCTGTATTCAGTATATATATCCAGTTCACTGCCC

TC[C/T]CCAGCCTTTCATGGTGAATCTTCTAGCCYCCRGCCACTCAAGCAGATATCAT

GAGGTGAG 

SCRI_RS

_60145 
1H 4,184,290 TT CC 

GACCCCATCGTTGGATACACCGATTACCCCTTCCTCGAATGATCATATATGTAGATTC

TT[C/T]CTTCGACTATCGCAGGTCGTAATGAAACKTATGTTGAAGAAAAAAAAAAAA

AAAAGGGCA 

12_11011 1H 5,770,204 GG AA 

ACCAGCGAGATCCAAACGAAGAATGGCATGGGGAAGCGCGTATCCTTCATAAATGG

GCAC[G/A]GTGTGGCTGACACCATCACCAGAGTCGAGAACGATACCAGTAGTACGAC

CACTTGCATAG 
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