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mutant produces glossy leaf sheaths and is deficient for the 
compound 14,16-hentriacontanedione. A linkage analysis 
based on 708 gametes allowed the gene responsible for the 
mutant phenotype to be mapped to a 1.3-cM interval on 
chromosome 3HL flanked by the two genes MLOC_10972 
and _69561. The product of the wild type allele may repre-
sent a step in the β-diketone synthesis pathway.

Introduction

All aerial organs of plants are covered by the cuticle: leaf 
and stem of plants are covered by the waxy cuticle, which 
restricts water loss and forms a physical barrier against 
pathogens (Bernard and Joubès 2013; Kunst and Samuels 
2009; Riederer and Schreiber 2001; Xu et al. 1997). Some 
of the wax is deposited outside the cuticle (epicuticu-
lar wax) and some within it (intracuticular wax) (Bernard 
and Joubès 2013; Broun et al. 2004; Jenks et al. 2002; Jet-
ter and Schäffer 2001). The epi- and intracuticular waxes 
are responsible for the glaucous appearance of the surface 
by refracting the incident light (Bianchi and Figini 1986; 
Jenks et al. 2002; Jetter and Schäffer 2001). The chemical 
constitution of cuticular wax comprises very long chain 
 (C20–C34) fatty acids, primary and secondary alcohols, 
aldehydes, alkanes, ketones and alkyl esters (Kunst and 
Samuels 2003; Li-Beisson et  al. 2010; Yeats and Rose 
2013). The precursor fatty acids of chain length  C16–C18 
are synthesized by fatty acid synthase in the plastids, from 
where they are exported to the cytoplasm and elongated 
in the endoplasmic reticulum (Bernard and Joubès 2013; 
Kunst and Samuels 2003, 2009). The barley  C29–C33 
β-diketones are synthesized by an enzyme complex which 
features of both fatty acid elongase and polyketide syn-
thase (PKS) (Mikkelsen 1979; Schneider et  al. 2016; von 
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Wettstein-Knowles 1972, 1980, 1986, 1992, 2012). The 
predominant β-diketone is hentriacontan-14,16-dione (von 
Wettstein-Knowles 1980).

In barley, variation in spike and stem glaucousness is 
correlated with the amount of β-diketone present in the epi-
cuticular wax (von Wettstein-Knowles 1972, 1986). Com-
parisons between glaucous and non-glaucous mutants (cer-
c, -q and -u) have revealed that the wild type gene product 
is involved in the production of β-diketones, hydroxy-β-
diketones, and alkan-2-ols (von Wettstein-Knowles 1986, 
2012). In the cer-c mutant, the formation of β-diketones and 
hydroxy-β-diketones is blocked (von Wettstein-Knowles 
1992); in cer-q the synthesis of β-diketones and their deriv-
atives is compromised (Mikkelsen 1979); while in cer-u 
the accumulation of hydroxy-β-diketones is restricted, 
leading to an increase in the presence of β-diketones (von 
Wettstein-Knowles 1972). It has been shown that the cer-c 
mutation disrupts a gene encoding a chalcone synthase-like 
PKS, that the cer-q mutation represents a lesion in a gene 
encoding a lipase/carboxyl transferase and that the cer-u 
mutation has affected the function of a P450 enzyme (Hen-
Avivi et al. 2016; Schneider et al. 2016).

The X-ray induced, recessive barley eceriferum-b.2 
(cer-b.2) mutant produces glossy spikes and leaf sheaths 
and glaucous leaf blades (Lundqvist and Wettstein 2009; 
Rasmusson and Lambert 1965). There are 1580 cuticu-
lar wax-deficient mutants, termed eceriferum (cer), in 79 
complementation groups in barley (Lundqvist and Lun-
dqvist 1988). In cer-c, -q and -u mutants the spikes and 
uppermost leaf sheaths are glossy, but the leaf blades are 
glaucous. The Cer-b.2 involved in the mutation has been 
mapped to chromosome 3HL (Eslick and McProud 1974; 
Konishi 1970; Singh and Tsuchiya 1974). An introgres-
sion region of 17.2 cM carrying cer-b.2 is identified in the 
near isogenic line BW107 (Druka et al. 2011). In this work, 
we characterized the effect of cer-b.2 on the cuticular wax 
composition and located the mutated genomic region to a 
1.3-cM interval on chromosome 3HL.

Materials and methods

Plant materials

The cer-b.2 mutant, originally isolated in the cultivar 
Maja (Franckowiak and Lundqvist 2011), has been trans-
ferred by serial back-crossing into cv. Bowman to pro-
duce the near isogenic line BW107 (Druka et  al. 2011), 
hereafter referred to as BW-NIL (cer-b.2). Grain of 
BW-NIL (cer-b.2) and of cv. Bowman (PI 483237) were 
obtained from the United States Department of Agri-
culture, Agricultural Research Service (USDA-ARS). A 
cross was made between the wild barley accession 23–19 

(obtained from the Institute of Evolution, University of 
Haifa, Israel) and BW-NIL (cer-b.2). The resulting  F1 
grains were germinated on moist filter paper and kept at 
4 °C in the dark for 7 days, after which they were potted 
into soil in a greenhouse and allowed to self-fertilize.

Scanning electron (SEM) and transmission electron 
(TEM) microscopy

For SEM, leaf sheath segments of length ~1 cm were cut 
from the middle section of cv. Bowman and BW-NIL 
(cer-b.2) flag leaf sheaths, mounted on an aluminum stub 
using double-sided carbon tape, snap-frozen in liquid 
nitrogen and examined using a Hitachi S-3400N SEM 
device (http://www.hitachi-hightech.com ) applying an 
accelerating voltage of 10 kV. For TEM, flag leaf sheaths 
of cv. Bowman and BW-NIL (cer-b.2) were cut prior to 
anthesis into 1  cm segments, rinsed twice for 10  min 
in 0.1  M phosphate buffer (pH 7.2), fixed overnight in 
1.0% w/v  OsO4, re-rinsed in phosphate buffer, dehy-
drated by passing through an ethanol series (30–100%), 
followed by curing in acetone/epon812 (1:1) (12  h at 
45 °C and 24h at 65 °C). The material was then sectioned 
(40–70  nm) using an LKB Ultramicrotome Model V 
microtome (LKB-Produkter, Bromma, Sweden), and the 
sections stained in 3% (w/v) uranyl acetate followed by 
3% (w/v) lead citrate. The TEM scanning of the samples 
was achieved using a JEM-1230 device (Jeol Ltd. Tokyo, 
Japan). Cuticle thickness was estimated using Nano 
measurer 1.2 software (nano-measurer.software.informer.
com).

Wax extraction

The flag leaf sheaths of three plants of each of cv. Bowman 
and BW-NIL (cer-b.2) were removed when the plants had 
reached anthesis. Their surface area was approximated by 
considering the sheath as a cone. Wax was extracted from 
the leaf sheath samples by immersion for 10  min (with 
occasional shaking) at room temperature in 15 mL chloro-
form containing 5  mg/mL n-tetracosane (Sigma–Aldrich, 
St. Louis, MO, USA; cat #87089) within a 20  mL glass 
tube sealed with a PTFE screw-cap lid. The chloroform 
was evaporated by passing nitrogen gas above the extract 
at room temperature. The extracted wax was then derivat-
ized by the addition of 100  μL N,O-bis(trimethylsilyl) 
trifluoroacetamide (Supelco, Bellefonte, PA, USA; cat 
#3-3024) and 100 μL anhydrous pyridine (Sigma–Aldrich; 
cat #270970) at 80 °C for 1 h with vortexing every 15 min. 
The derivatized samples were finally dried under a stream 
of nitrogen gas and dissolved in 200 μL chloroform.

http://www.hitachi-hightech.com
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Gas chromatography-mass spectrometry (GCMS)

The constitution of the wax was derived by GCMS using a 
GC 6890N device (Agilent Technologies, Santa Clara, CA, 
USA) equipped with a 5973 inert mass selective detector. 
Each 2 μL injection was performed using a 10/1 split ratio. 
The inlet temperature was set to 250 °C, the carrier gas flow 
rate to 0.8 mL/min, the nominal inlet pressure to 11.35 psi. 
The oven temperature was set to start at 80 °C, then to 
increase by 4 °C/min until it reached 290 °C, where it was 
held for 25  min. The retention time locking feature was 
used, based on the retention time of the n-tetracosane inter-
nal standard (39.7 min). Total ion scans used 60–600 amu. 
The data were processed using Agilent GC Chemstation 
software (D.03.00) in conjunction with the National Insti-
tute of Standards and Technology mass spectral library 
(v8.0). Only peaks appearing after 38 min were considered, 
as there were no differences between cv. Bowman and BW-
NIL (cer-b.2) before this time, and the earlier peaks were 
all relatively small. We changed the ordinate axis marked 
maximum abundance 2.8e+0.7 to 100, and divided the 
maximum value of 100 labeled on ordinate axis into five 
equal parts.

RNA extraction and transcriptome sequencing

Total RNA was isolated from the youngest leaf of three 
leaf stage seedlings of 23–19 and BW-NIL (cer-b.2) using 
an RNAprep pure Plant Kit (Tiangen, Beijing, China). 
The quality and quantity of the RNA were assessed using 
a Nanodrop 2100 instrument (Thermo Fisher Scientific, 
Wilmington, DE, USA). The poly-A mRNA was purified 
by magnetic Oligo (dT) beads and fragmented followed by 
cDNA synthesis. The cDNA fragments were cutting into 
blunt-ended and ligated to sequencing adaptors. The liga-
tion products were then size selected for an insert size of 
200 bp, and enriched by PCR with specific adaptor prim-
ers. Finally, the library was subjected to sequence by the 
Illumina HisSeq™ 2000 platform using 151 bp paired end 
reads. After removing low quality and adapter sequence, 
around 54 million filtered reads were obtained from 23–19 
and around 17 million from BW-NIL (cer-b.2). Following 
a de novo assembly protocol, it was possible to recognize 
87,655 unigenes in the 23–19 template and 38,276 in the 
BW-NIL (cer-b.2) template.

Linkage mapping

The  F2 population bred from the cross 23–19 × BW-NIL 
(cer-b.2) was used to generate a localized linkage map. 
The allelic status at the cer-b.2 locus of each  F2 individual 
was deduced from the phenotype (glaucous vs glossy leaf 
sheath) of its  F3 progeny. As the cer-b locus is known to 

map to chromosome 3HL, this region was targeted with the 
barley genome zipper (Mayer et al. 2011), and its gene con-
tent (webblast.ipk-gatersleben.de/barley) used to search the 
set of BW-NIL (cer-b.2) and 23–19 unigenes for sequence 
polymorphisms between homologs. The single nucleotide 
polymorphism (SNP) assays used for genotyping the  F2 
progeny are described below. We score segregation in the 
 F2 population by the SNP technology. The resulting link-
age maps were constructed using JoinMap4.0 software 
(Kyazma 2006), applying the Kosambi mapping function 
(Kosambi 1944) to convert recombination frequencies 
into centiMorgans. MapChart software (Voorrips 2002) 
was used to draw the barley genetic maps. Use was made 
to the barley physical map (International Barley Genome 
Sequencing Consortium 2016) to identify additional candi-
dates for the mutated gene.

SNP assay

Genomic DNA was extracted from fresh leaves of the  F2 
progeny using an established method (Komatsuda et  al. 
1998), and used as the template for 10 μL PCRs. Each reac-
tion contained 40  ng template, 1  μL 10× Ex Taq buffer, 
25  mM  MgCl2, 2.5  mM dNTP, 10  μM of each primer 
(Table  1) and 0.375  U Taq polymerase (Takara Tokyo, 
Japan). The reaction was initially denatured by hold-
ing at 94 °C for 5 min, after which it was cycled 30 times 
through 94 °C/30 s, 60 °C/30 s, 72 °C/40 s, and then given 
a final extension step of 72 °C/5 min. The amplicons were 
digested for up to 3 h by the addition of 1 U of an appropri-
ate restriction enzyme (Table 1), identified using the NEB-
cutter tool (nc2.neb.com/NEBcutter2). The restriction frag-
ments were electrophoretically separated through a 1–3% 
(w/v) agarose gel, and visualized by EtBr staining.

Results

The cer-b.2 mutation affects epicuticular wax, 
but not the cuticle membrane

The leaf sheaths of the upper leaves of cv. Bowman were 
glaucous while those of BW-NIL (cer-b.2) were glossy 
(Fig.  1). Inspection by SEM showed that the entire leaf 
sheath surface of cv. Bowman was covered by tubule-
shaped structures, but these were absent from the BW-NIL 
(cer-b.2) leaf sheath surface, which instead harbored plate-
let-shaped structures (Fig.  2a, b). However, there was no 
evidence of any difference between the leaf sheath cuticle 
membrane in the two genotypes (Fig. 2c, d). The thickness 
of the cv. Bowman cuticle was 0.025 ± 0.005  μm, which 
was not significantly different from that of the BW-NIL 
(cer-b.2) cuticle (0.023 ± 0.005 μm).
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The mutant’s β-diketone deficiency is compensated 
by an enhanced content of primary alcohols, aldehydes, 
fatty acids and alkanes

The amount of cuticular wax deposited on the BW-
NIL (cer-b.2) plant was less than that on cv.Bowman 
(Table  2). GCMS analysis demonstrated that 
14,16-hentriacontanedione, an abundant compo-
nent of the leaf sheath wax produced by cv. Bowman 
(Fig.  3a), was absent in the wax produced by BW-
NIL (cer-b.2) (Fig.  3b; Table  2). Instead, the BW-

NIL (cer-b.2) leaf sheath wax contained more very 
long chain alcohols (72% more than in cv. Bowman) 
and, to a lesser extent, more very long chain alde-
hydes (12%) (Table  2). The content of  C26 primary 
alcohol was significantly greater in the mutant than 
in the wild type (Figs.  3, 4a), as were those of  C26 
aldehydes,  C26 fatty acids, and  C25 and  C29 alkanes 
(Fig. 4). The deficiency of β-diketone in the mutant, 
which led to significant changes in the total waxes 
between mutant and wild type (Table 2), was partially 
offset by an increased content of other aliphatics.

Table 1  Primer sequences and restriction enzymes used for SNP genotyping

AT annealing temperature, LP length polymorphism, no enzyme

Marker Primer F (5′–3′) Primer R (5′–3′) AT (℃) Restriction enzyme

MLOC_5326 TGC AGC AGC TAG ACC CTA CC ATT ACT AAC CAT ACT CTT CT 60 NcoI
MLOC_13723 CAC GCC AGC ATT CTC GTT A TGG GAT TGG AGG AGT TAT GG 60 HinfI
MLOC_12015 TTA TCT TTG GCC CGA AAC AC CAT CGA TCC TGT CGT TTG C 60 BsaHI
MLOC_12016 TTT GGC CCG AAA CAC TGA AG TGG GAC TAC AAG CAC TCT GG 60 BsaHI
MLOC_36649 GCC ACA AAG ATT CAT GGA CA GCG GCT GCT TGT TTA CCT AT 60 MspI
MLOC_10972 CAG CGG GAA CAG TGG ATA AT TCT TGA TGT TGG CTG TGG AG 60 HpyCH4V
MLOC_69561 GGG CAG GTG CTA CAG AAG AG CAG AAC TTC GGA TCA CAG CA 60 SmaI
MLOC_61206 CGA AGC TCG TGT CGT TGA T TAT CCG CAC TCC CAA GCT AT 60 HpyCH4V
MLOC_39313 AAC GTG ATG CCG ATC TTG A CTC CGG AAC CGA TTT CCT A 58 Hpy166II
MLOC_50 TGC CCA GTG AGA TGT GTA GG CGC TGT CGA GGA TGT ACG A 60 LP
MLOC_3646 GGC AAA ACA CCA TCA AAT CC GGC AAG TAC GTC ATC CAC AA 60 TaqI
MLOC_72373 CCG GTA CTC ATT TGG CAG TT GGC TGG TTG GTT GAA GGA TA 60 ScaI
AK364791 GTA GCT CAA GTG TGG CAT CG GCT GCA CTT CCT CTG TCA AC 60 RsaI
AK252399 TCA GTC TCG CAA CCA TCA AG GTT CCG CCA GCT GCT CAT 60 SalI
MLOC_16004 TGG ACC TTC ACA CTT GTT CCT CAA TCC AAT TCC ACC AAT GC 60 SnaBI

Fig. 1  The flag leaf sheaths of a cv. Bowman, b BW-NIL (cer-b.2). c The whole plant appearance of BW-NIL (cer-b.2) and wild type cv. Bow-
man. Scale bar 10 cm
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Linkage mapping of the gene mutated in BW-NIL 
(cer-b.2)

The 23–19 × BW-NIL (cer-b.2) mutant  F1 plants were 
glaucous, confirming that the mutation acted recessively. 

The ratio of glaucous to glossy  F2 progeny was 694:256, 
which was consistent with a 3:1 ratio (χ 2=1.84, p = 0.16), 
thereby supporting the notion that the mutation involved 
a single gene. The candidate chromosome 3HL region 
harboring the gene is flanked by the markers 2_1513 

Fig. 2  SEM (a, b) and TEM 
(c, d) imaging of the adaxial 
surface/cuticle of leaf sheaths of 
a, c cv. Bowman, b, d BW-NIL 
(cer-b.2). The arrows in c, d 
indicate the thickness of cuticle. 
Scale bars a, b 3.0 μm, c, d 
0.25 μm

Table 2  The wax composition 
of the leaf sheath of cv. 
Bowman and the BW-NIL (cer-
b.2) mutant

Mean total wax amount (μg/cm2 ± SD), total amount of each wax group (μg/cm2 ± SD), and percentage of 
each group within each sample extract are shown
UN unknown compounds
Level of significance obtained with a Student’s t test are marked by following: * p < 0.05; ** p < 0.01; *** 
p < 0.001

Compound class Measurement Bowman BW-NIL (cer-b.2) Fold change

Primary alcohols Amount
Percentage

0.92 ± 0.22 5.52 ± 1.66** 6.0
6.28 ± 1.53 77.86 ± 22.3

Fatty acids Amount
Percentage

0.34 ± 0.06 0.43 ± 0.13 1.26
2.34 ± 0.40 6.06 ± 1.68

Aldehydes Amount
Percentage

0.05 ± 0.03 0.89 ± 0.45* 17.8
0.36 ± 0.23 12.55 ± 6.03

Alkanes Amount
Percentage

0.15 ± 0.06 0.25 ± 0.09 1.6
1.02 ± 0.42 3.53 ± 1.20

14,16-Hentriacontanedione Amount
Percentage

8.57 ± 1.31 0.00 ± 0.00*** 0
58.58 ± 8.95 0.00 ± 0.00

UN Amount 4.60 ± 1.86 0.00 ± 0.00** 0
Percent 31.42 ± 12.74 0.00 ± 0.00

Total Amount 14.64 ± 3.23 7.09 ± 1.80** 0.51
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and 1_0754 (Druka et al. 2011; Fig. 5a). The genes lying 
within this region defined by 2_0626 and 3_0137 in the 
barley genome zipper (Mayer et  al. 2011) were used as 

search queries against the BW-NIL (cer-b.2) and 23–19 
unigenes. Fifteen genes, polymorphic between the paren-
tal lines, were identified: of these, nine (MLOC_5326, 

Fig. 3  Representative GCMS 
chromatograms of extracts of 
the leaf sheath of a cv. Bow-
man, b BW-NIL (cer-b.2). The 
vertical axis shows relative 
abundance. IS internal standard 
(n-tetracosane). The black 
arrows indicate primary alco-
hols (POH), fatty acids (FA), 
aldehydes (ALD), n-alkanes 
(ALK) and 14,16-hentriacon-
tanedione; the orange arrows 
indicate unidentified com-
pounds (UN)

Fig. 4  GCMS-based quantification of the constituents of the cuticu-
lar wax formed on the leaf sheaths of cv. Bowman (shown in grey) 
and BW-NIL (cer-b.2) (shown in green) plants. The components 
included a primary alcohols, b aldehydes, c fatty acids and d alkanes. 

The whiskers indicate the standard error (n = 3). Means differed sig-
nificantly from one another at *, **p < 0.05, <0.01. (Color figure 
online)
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_13723, _12016, _69561, _3646, _72373, _16004 and 
AK364791, AK252399) were used to genotype 93 of 
the 23–19 × BW-NIL (cer-b.2)  F2 progeny with the 
mutant phenotype. MLOC_69561 was completely linked 
to cer-b. The sequences of the 58 genes surrounding 
MLOC_69561 obtained from the barley physical map 
(International Barley Genome Sequencing Consortium 
2012) were then each used in turn as a BlastN search 
query against the 23–19 and BW-NIL (cer-b.2) uni-
gene sets. Four SNP containing genes (MLOC_12015, 
MLOC_61206, MLOC_10972 and MLOC_36649) and 
one containing an indel (MLOC_50) were detected. 
The assays for these polymorphisms were subsequently 
applied to the mapping population. In addition, the 
gene MLOC_39313 was found by genomic DNA re-
sequencing to harbor a SNP in its intronic sequence, so 
could also be mapped. The mapping (Fig. 5b; associated 

markers listed in Table 1) led to the conclusion that the 
mutant gene was flanked by MLOC_10972 and _50 and 
co-segregated with MLOC_61206, _69561, and _39313. 
To improve the level of mapping resolution, an additional 
261  F2 progeny were then genotyped using the key mark-
ers. Based on the 708 (93 × 2 + 261 × 2) gametes, eight 
recombinants between MLOC_10972 and _61206 were 
recovered, one between MLOC_61206 and _69561, one 
between MLOC_69561 and _39313 and none between 
cer-b and MLOC_61206 (Fig. 5c). As a result, the loca-
tion of the mutated gene was narrowed to within the 
~1.3 cM interval flanked by MLOC_10972 and _69561. 
According to the current version of the barley genome 
sequence (International Barley Genome Sequencing Con-
sortium 2016), this interval houses 20 genes (Fig.  5d; 
Supplemental Data Set 1). Out of the 20 genes, only 
HORVU3Hr1G086000 gene, encoding a Myb family 

Fig. 5  A localized genetic map of barley chromosome arm 3HL, the 
site of the gene underlying the cer-b.2 mutant. a Introgression region 
in barley near isogenic lines, BW-NIL (cer-b.2), map positions fol-
low by Druka et al. (2011). b Linkage map based on 93  F2 progeny 
of the cross 23–19 × BW-NIL (cer-b.2) selected to express the mutant 
phenotype, c a higher resolution map based on 708 gametes in the 

same  F2 population. The numbers shown on the left side of the map 
indicate the number of recombinants recovered, d the physical map 
of the region harboring the cer-b gene (International Barley Genome 
Sequencing Consortium 2016). The purple square shows the gene 
AK364791 which sequence could be found on chromosome 3H, but 
is not annotated



 Theor Appl Genet

1 3

transcription factor protein, is likely related to cuticular 
wax formation (Yeats and Rose 2013). The identification 
of the mutation in this gene in cer-b mutants awaits fur-
ther study.

Discussion

A block in the β-diketone synthesis pathway 
is responsible for the glossy leaf sheath of BW-NIL 
(cer-b.2)

BW-NIL (cer-b.2) plants formed non-glaucous leaf sheaths 
and their epicuticular wax across the entire leaf sheath 
surface formed platelets rather than tubules. The wax was 
completely depleted for 14,16-hentriacontanedione, which 
was compensated for by a higher content of  C26 primary 
alcohols and other very long chain aliphatics. Waxes pre-
sent on glaucous barley spikes and stems in the form of 
long tubules appear to have a high β-diketone content (von 
Wettstein-Knowles 1972). Like BW-NIL (cer-b.2), the cer-
c and cer-q mutants also produce glossy leaf sheaths and 
spikes, and are compromised with respect to β-diketone 
synthesis (von Wettstein-Knowles 1972). The relation-
ship between glaucousness and the presence of β-diketone 
components also obtains in wheat (Adamski et  al. 2013; 
Bianchi and Figini 1986; Tsunewaki and Ebana 1999; 
Varshney et  al. 2006). The cuticular wax present on the 
wheat leaf sheath, peduncle and spike is dominated by 
β-diketones, whereas the wax present on the leaf blade has 
a high primary alcohol content; the former wax tends to 
form tubules, while the latter forms platelets (Wang et al. 
2015). The indication is thus that the change from tubular 
to platelet wax is a consequence of 14,16-hentriacontanedi-
one being replaced by very long chain aliphatics in cer-b 
mutant. However, the amount of unknown compounds 
(4.6  µg  cm−2), representing about one-third of the total 
cuticular wax of wild type, was also absent in the mutant. 
The product of Cer-b may play a role in the synthesis of 
these compounds, which in turn could contribute to the 
mutant phenotype. As such, further studies are required to 
identify the unknown compounds.

Cer-b is a new gene involved in β-diketone synthesis

The cer-b.2 mutant resembles cer-c, -q, and -u with respect 
to its effect on β-diketone content. Genetic and biochemi-
cal investigations have shown that the genes underlying the 
cer-c, -q and -u mutants are clustered together, each encod-
ing a key component in the β-diketone synthase polyketide 
pathway in which FAE enzyme complexes and type III 
PKSs are important (Schneider et al. 2016; von Wettstein-
Knowles 2012). The PKSs promote fatty acid elongation 

to yield β-diketone by leave out one or more of the three 
reactions removing the β-keto group in given elongation 
cycles by KCR (β-ketoacyl-CoA ketoreductase), HCD 
(β-hydroxyacyl-CoA dehydratase), ECR (β-enoyl-CoA 
reductase) (Hen-Avivi et  al. 2016; Schneider et  al. 2016). 
The cer-c mutation affects a gene encoding chalcone syn-
thase, while the Cer-q gene encodes a lipase/carboxyl 
transferase and the Cer-u gene a P450 enzyme (Schneider 
et  al. 2016). The Cer-cqu cluster maps to a sub-telomeric 
region on the short arm of chromosome 2H (Schondelmaier 
et al. 1993; Tsuchiya 1972), which is quite distinct from the 
location of the cer-b.2 gene. The inference is that the Cer-b 
mutation is unrelated to the cer-cqu cluster.

The cer-b mutation is also unrelated to the β-diketone 
metabolic genes in the wheat W1 cluster because almost 
all of the genes within W1 are represented in the Cer-cqu 
cluster (Hen-Avivi et  al. 2016). Cer-b might be a gene 
encoding a transcription factor that regulates the biosyn-
thesis of β-diketones. The plant metabolic gene clusters 
appear not to harbor genes regulating the corresponding 
pathway. In an example, GLYCOALKALOID METABO-
LISM9, an AP2 transcription factor encoded by a gene 
located on tomato chromosome 1, could likely regulate a 
cluster of steroidal glycoalkaloid (SGA) pathway genes on 
chromosome 7 (Cárdenas et al. 2016). Out of the 20 candi-
date genes in the cer-b.2 interval, HORVU3Hr1G086000, a 
gene encoding a MYB family transcription factor, is likely 
related to cuticular wax formation. R2R3-type MYB16 and 
MYB106 are required for cuticule development in Arabi-
dopsis and Torenia fournieri (Oshima et al. 2013). MYB94 
and MYB96 additively activate cuticular wax biosynthesis 
in Arabidopsis (Lee et al. 2016). Cer-b.2 might be the MYB 
protein HORVU3Hr1G086000 regulating the β-diketone 
metabolic genes in the Cer-cqu cluster on chromosome 2H. 
A search of the InterPro (http://www.ebi.ac.uk/interpro/) 
database with the HORVU3Hr1G086000 sequence identi-
fied a domain (designated IPR017930) which recognizes 
the sequence YAAC(G/T)G. When PlantCARE software 
(bioinformatics.psb.ugent.be/webtools/plantcare/html/) was 
applied to identify the likely HORVU3Hr1G086000 bind-
ing site, it highlighted the sequences CAA CTG  (present in 
the Cer-cqu promoters) and TAA CTG  (in the Cer-u pro-
moter) (Table S1; Table 2). This suggests that the target of 
HORVU3Hr1G086000 may be the β-diketone metabolism 
genes harbored by the Cer-cqu cluster on chromosome 2H. 
In wheat, by comparison, MYB31 and MYB74 act to acti-
vate cuticle synthesis by regulating the genes encoding a 
cytochrome P450 mono-oxygenase (ATT1) and a 3-ketoa-
cyl CoA synthetase (KCS1) (Bi et al. 2016). As yet, none 
of the other 19 candidate genes present in the cer-b.2 seg-
ment has been connected with the formation of the cuticle, 
but the possibility that one of these is equivalent to the Cer-
b gene cannot yet be ruled out. A simple way of reducing 

http://www.ebi.ac.uk/interpro/
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the number of candidate genes to be considered will be to 
adopt a fine-mapping approach.

Author contribution statement GC and TK conceived 
the ideas and designed the investigation; QZ, CL, and GC 
conducted the experiments, analyzed data and drafted the 
manuscript. XYM, RJD and ADW assisted the experi-
ments. JWZ and JCZ collected samples. KM and GC did 
RNA-seq analysis.

Acknowledgements This work was supported by grants from 
the National Natural Science Foundation of China (41621001 
and 31170369), by the Key Project of the Chinese National Pro-
grams for Fundamental Research and Development (973 Program, 
2013CB429904 awarded to G.C.), by the Japanese Ministry of Agri-
culture, Forestry and Fisheries “Genomics for Agricultural Innova-
tion” program (TRS1002 to T.K.), and by Gansu Innovation Research 
Group Fund (Y339N91001 to G.C.). We acknowledge IBSC, Leibniz 
Institute of Plant Genetics and Crop Plant Research (IPK), OT Gater-
sleben, Corrensstraße 3, Stadt Seeland, 06466, Germany; (2016): 
Pseudomolecules of the map-based reference genome assembly of 
barley cv. Morex.

Compliance with ethical standards 

Conflict of interest The authors declare that they have no conflict 
of interest.

References

Adamski NM, Bush MS, Simmonds J, Turner AS, Mugford SG, Jones 
A, Findlay K, Pedentchouk N, von Wettstein-Knowles P, Uauy C 
(2013) The Inhibitor of wax 1 locus (Iw1) prevents formation of 
β- and OH-β-diketones in wheat cuticular waxes and maps to a 
sub-cM interval on chromosome arm 2BS. Plant J 74:989–1002

Bernard A, Joubès J (2013) Arabidopsis cuticular waxes: advances in 
synthesis, export and regulation. Prog Lipid Res 52:110–129

Bi H, Luang S, Li Y, Bazanova N, Morran S, Song Z, Perera MA, 
Hrmova M, Borisjuk N, Lopato S (2016) Identification and char-
acterization of wheat drought-responsive MYB transcription fac-
tors involved in the regulation of cuticle biosynthesis. J Exp Bot 
67:5363–5380

Bianchi G, Figini ML (1986) Epicuticular waxes of glaucous and non-
glaucous durum Wheat lines. J Agric Food Chem 34:429–433

Broun P, Poindexter P, Osborne E, Jiang CZ, Riechmann JL (2004) 
WIN1, a transcriptional activator of epidermal wax accumulation 
in Arabidopsis. Pro Natl Acad Sci USA 101:4706–4711

Cárdenas PD, Sonawane PD, Pollier J, Vanden Bossche R, Dewangan 
V, Weithorn E, Tal L, Meir S, Rogachev I, Malitsky S, Giri AP, 
Goossens A, Burdman S, Aharoni A (2016) GAME9 regulates 
the biosynthesis of steroidal alkaloids and upstream isoprenoids 
in the plant mevalonate pathway. Nat Commun 7:10654

Druka A, Franckowiak J, Lundqvist U, Bonar N, Alexander J, Hou-
ston K, Radovic S, Shahinnia F, Vendramin V, Morgante M, 
Stein N, Waugh R (2011) Genetic dissection of barley morphol-
ogy and development. Plant Physiol 155:617–627

Eslick RF, McProud WL (1974) Positioning of genetic male sterile 5 
(msg5) on chromosome 3. BGN 4:16–23

Franckowiak JD, Lundqvist U (2011) Descriptions of barley genetic 
stocks for 2011. Barley Genet Newsl 41:141–142

Hen-Avivi S, Savin O, Racovita RC, Lee WS, Adamki N, Malit-
sky S, Almekias-Siegl E, Levy M, Vautrin S, Bergès H, Fried-
lander G, Kartvelishvily E, Ben-Zvi G, Alkan N, Uauy C, 
Kanyuka K, Jetter R, Distelfeld A, Aharoni A (2016) A meta-
bolic gene cluster in the Wheat W1 and the Barley Cer-cqu loci 
determines β-diketone biosynthesis and glaucousness. Plant 
Cell 28:1440–1460

Jenks MA, Eigenbrode SD, Lemieux B (2002) Cuticular waxes of 
Arabidopsis. Arabidopsis Book/Am Soc Plant Biol 1:e0016

Jetter R, Schäffer S (2001) Chemical composition of the Prunus lau-
rocerasus leaf surface. Dynamic changes of the epicuticular wax 
film during leaf development. Plant Physiol 126:1725–1737

Komatsuda T, Nakamura I, Takaiwa F, Oka S (1998) Development of 
STS markers closely linked to the vrs1 locus in barley, Hordeum 
vulgare. Genome 41:680–685

Konishi T (1970) Genetic analyses of two kinds of EMS-induced 
mutants of barley. Barley Newsl 13:57–58

Kosambi DD (1944) The estimation of map distances from recombi-
nation values. Ann Eugen 12:172–175

Kunst L, Samuels AL (2003) Biosynthesis and secretion of plant 
cuticular wax. Prog Lipid Res 12:721–727

Kunst L, Samuels L (2009) Plant cuticles shine: advances in wax bio-
synthesis and export. Curr Opin Plant Biol 12:721–727

Kyazma (2006) https://www.kyazma.nl/index.php/mc.JoinMap/. 
Accessed 10 May 2016

Lee SB, Kim HU, Suh MC (2016) MYB94 and MYB96 additively 
activate cuticular wax biosynthesis in Arabidopsis. Plant Cell 
Physiol 57:2300–2311

Li-Beisson Y, Shorrosh B, Beisson F, Andersson MX, Arondel V, 
Bates PD, Baud S, Bird D, Debono A, Durrett TP, Franke RB, 
Graham IA, Katayama K, Kelly AA, Larson T, Markham JE, 
Miquel M, Molina I, Nishida I, Rowland O, Samuels L, Schmid 
KM, Wada H, Welti R, Xu C, Zallot R, Ohlrogge J (2010) Acyl-
lipid metabolism. Arabidopsis Book/Am Soc Plant Biol 8:e0133

Lundqvist U, Lundqvist A (1988) Mutagen specificity in barley 
for 1580 eceriferurn mutants localized to 79 loci. Hereditas 
108:1–12

Lundqvist U, Wettstein D (2009) Induction of Eceriferum mutants in 
barley by ionizing radiations and chemical mutagens. Hereditas 
48:342–362

Mayer KF, Martis M, Hedley PE, Simkova H, Liu H, Morris JA, Steu-
ernagel B, Taudien S, Roessner S, Gundlach H, Kubalakova M, 
Suchankova P, Murat F, Felder M, Nussbaumer T, Graner A, 
Salse J, Endo T, Sakai H, Tanaka T, Itoh T, Sato K, Platzer M, 
Matsumoto T, Scholz U, Dolezel J, Waugh R, Stein N (2011) 
Unlocking the barley genome by chromosomal and comparative 
genomics. Plant Cell 23:1249–1263

Mikkelsen J (1979) Structure and biosynthesis of β-diketones in bar-
ley spike epicuticular wax. Carlsberg Res Commun 44: 133–147

Oshima Y, Shikata M, Koyama T, Ohtsubo N, Mitsuda N, Ohme-
Takagi M (2013) MIXTA-like transcription factors and WAX 
INDUCER1/SHINE1 coordinately regulate cuticle development 
in Arabidopsis and Torenia fournieri. Plant Cell 25:1609–1624

Rasmusson DC, Lambert JW (1965) Inheritance of the glossy-sheath 
character in barley, Hordeum vulgare L. Crop Sci 5:251–253

Riederer M, Schreiber L (2001) Protecting against water loss: 
analysis of the barrier properties of plant cuticles. J Exp Bot 
52:2023–2032

Schneider LM, Adamski NM, Christensen CE, Stuart DB, Vautrin S, 
Hansson M, Uauy C, von Wettstein-Knowles P (2016) The Cer-
cqu gene cluster determines three key players in a β-diketone 
synthase polyketide pathway synthesizing aliphatics in epicu-
ticular waxes. J Exp Bot 67:2715–2730

Schondelmaier J, Fischbeck G, Jahoor A (1993) Linkage studies 
between morphological and RFLP markers in the barley genome. 
BGN 22:57–62

https://www.kyazma.nl/index.php/mc.JoinMap/


 Theor Appl Genet

1 3

Singh RJ, Tsuchiya T (1974) Further information on telotrisomic 
analysis in barley. BGN 44:66–69

Tsuchiya T (1972) Cytogenetics of telotrisomics in barley. BGN 
2:93–98

Tsunewaki K, Ebana K (1999) Production of near-isogenic lines of 
common wheat for glaucousness and genetic basis of this trait. 
Genes Genet Syst 74:33–41

Varshney RK, Balyan HS, Langridge P (2006) Wheat. In:Kole C (ed) 
Cereals and millets. Springer, Berlin, pp 79–134

von Wettstein-Knowles P (1972) Genetic control of β-diketone and 
hydroxy-β-diketone synthesis in epicuticular waxes of barley. 
Planta 106:113–130

von Wettstein-Knowles P (1980) The cer-cqu region in barley: 
gene cluster or multifunctional gene. Carlsberg Res Commun 
45:125–141

von Wettstein-Knowles P (1986) The role of cer-cqu in epicuticular 
wax biosynthesis. Biochem Soc Trans 14:576–579

von Wettstein-Knowles P (1992) Molecular genetics of lipid synthesis 
in barley. In: Munck L (ed) Barley genetics, VI, pp 753–771

von Wettstein-Knowles P (2012) Plant waxes. In: eLS. Wiley, Chich-
ester. doi:10.1002/9780470015902.a0001919.pub2

Voorrips RE (2002) MapChart software for the graphical presentation 
of linkage maps and QTLs. J Hered 93:77–78

Wang Y, Wang ML, Sun YL, Hegebarth D, Li TT, Jetter R, Wang ZH 
(2015) Molecular characterization of TaFAR1 involved in pri-
mary alcohol biosynthesis of cuticular wax in hexaploid wheat. 
Plant Cell Physiol 56:1944–1961

Xu XJ, Charles R, Dietrich (1997) Sequence analysis of the cloned 
glossy 8 gene of Maize suggests that it may code for a β-ketoacyl 
reductase required for the biosynthesis of cuticular waxes. Plant 
Physiol 115:501–510

Yeats TH, Rose JK (2013) The formation and function of plant cuti-
cles. Plant Physiol 163:5–20

http://dx.doi.org/10.1002/9780470015902.a0001919.pub2

	Characterization and genetic mapping of the β-diketone deficient eceriferum-b barley mutant
	Abstract 
	Key message 
	Abstract 

	Introduction
	Materials and methods
	Plant materials
	Scanning electron (SEM) and transmission electron (TEM) microscopy
	Wax extraction
	Gas chromatography-mass spectrometry (GCMS)
	RNA extraction and transcriptome sequencing
	Linkage mapping
	SNP assay

	Results
	The cer-b.2 mutation affects epicuticular wax, but not the cuticle membrane
	The mutant’s β-diketone deficiency is compensated by an enhanced content of primary alcohols, aldehydes, fatty acids and alkanes
	Linkage mapping of the gene mutated in BW-NIL (cer-b.2)

	Discussion
	A block in the β-diketone synthesis pathway is responsible for the glossy leaf sheath of BW-NIL (cer-b.2)
	Cer-b is a new gene involved in β-diketone synthesis

	Acknowledgements 
	References


