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SUMMARY
Epicuticular waxes provide a hydrophobic barrier that protects land plants from environmental stresses. To
elucidate the molecular functions of maize glossy mutants that reduce the accumulation of epicuticular
waxes, eight non-allelic glossy mutants were subjected to transcriptomic comparisons with their respective
wild-type siblings. Transcriptomic comparisons identified 2279 differentially expressed (DE) genes. Other
glossy genes tended to be down-regulated in glossy mutants; by contrast stress-responsive pathways were
induced in mutants. Gene co-expression network (GCN) analysis found that glossy genes were clustered,
suggestive of co-regulation. Genes that potentially regulate the accumulation of glossy gene transcripts
were identified via a pathway level co-expression analysis. Expression data from diverse organs showed
that maize glossy genes are generally active in young leaves, silks, and tassels, while largely inactive in
seeds and roots. Through reverse genetics, a DE gene homologous to Arabidopsis CER8 and co-expressed
with known glossy genes was confirmed to participate in epicuticular wax accumulation. GCN datainformed forward genetics approach enabled cloning of the gl14 gene, which encodes a putative membrane-associated protein. Our results deepen understanding of the transcriptional regulation of the genes
involved in the accumulation of epicuticular wax, and provide two maize glossy genes and a number of candidate genes for further characterization.
Keywords: cuticular wax, glossy, Zea mays, co-expression network, cloning.

INTRODUCTION
The plant cuticle is a hydrophobic layer coating the aerial
epidermis for all land plants, and limiting water loss and
adverse effects of environmental stresses. The cuticle is
composed of the polymer cutin, which serves as the framework of the cuticle, and cuticular waxes, which consist of
intracuticular waxes that are embedded in cutin and
530

epicuticular waxes covering the outmost area of the plant
surface (Kunst and Samuels, 2003; Lee and Suh, 2013).
Cuticular waxes are composed of a mixture of hydrocarbons, alkanes, aldehydes, primary and secondary alcohols,
ketones, and esters, derived from very-long-chain fatty
acids (VLCFAs). The precursor VLCFAs are synthesized by
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epidermal cells, first in the plastid by joining C2 acetylcoenzyme A (acetyl-CoA) into C16 or C18 fatty acids, then
transported to the cytoplasm and converted to fatty acylCoAs by long-chain acyl-CoA synthetases, and then further
elongated into C24 to C34 fatty acids in the endoplasmic
reticulum (ER). Cuticular waxes produced in the ER are
transported to the plasma membrane (PM), secreted outside cells, and deposited in the epidermis.
Recent studies in Arabidopsis, maize, and other plant
species have improved our understanding of the genetic
basis of cuticular wax biosynthesis (Bernard and Joubes,
2013). Mutants involved in epicuticular wax accumulation
are referred to as eceriferum (cer) in Arabidopsis and
glossy (gl) in maize. Relatively easily scored mutant phenotypes in the two species facilitate cloning of cer and gl
genes. A long-chain acyl-CoA synthetase (LACS), LACS1/
CER8, was found to be responsible for the conversion from
fatty acid to fatty acyl-CoAs in Arabidopsis (Lu et al., 2009).
The CER8 homologs can be identified in maize but functional homologs have not been revealed. The represented
genes encoding enzymes involved in four sequential cyclic
reactions for fatty acid elongation have been cloned in Arabidopsis, and some were cloned in maize. CER6 (Fiebig
et al., 2000) and gl4 (Liu et al., 2009a) are ketoacyl synthase
(KCS). KCR1 and gl8 (gl8a and gl8b) encode ketoacyl
reductase (KCR) (Xu et al., 1997; Dietrich et al., 2005; Beaudoin et al., 2009). Hydroxyacyl dehydrase is represented by
PAS2 in Arabidopsis and the counterpart has not been
cloned in maize (Bach et al., 2008). CER10 and Gl26 are
enoyl reductase (Zheng et al., 2005). Elongation beyond
C28 is likely to require additional genes CER2 (Negruk et al.,
1996; Xia et al., 1996) and CER26 (Pascal et al., 2013). The
CER2 homologous gene, gl2, has been cloned in maize
(Tacke et al., 1995). Before transport from the ER, cuticular
waxes are produced from VLCFAs with modifiers such as
CER4 (Rowland et al., 2006) and WSD1 (Li et al., 2008) in
the alcohol-forming pathway, as well as CER1 (Aarts et al.,
1995) and CER3 (Hannoufa et al., 1996) in the alkane-forming pathway. The maize glossy gene gl1 is a CER1 homolog and the gl1 mutant displayed a strong wax-deficient
phenotype (Hansen et al., 1997).
The identification of ABC transporters CER5 and WBC11
revealed the mechanism by which waxes are secreted
through the PM (Pighin et al., 2004; Bird et al., 2007;
McFarlane et al., 2010). The CER5 homologous gene, gl13,
was identified in maize that, similarly, functions in the
secretion of cuticular waxes (Li et al., 2013). Recent cloning
of a novel gene gl6 that encodes the protein occupying the
ER, Golgi, and PM, and wax-like acerose inclusions were
found within epidermal cells, indicative of a Golgimediated mechanism of intracellular wax trafficking in
which gl6 is involved (Li et al., 2018).
Beyond wax synthesis and exportation, the cuticular
wax synthesis pathway is under transcriptional regulation.

A mutant of gl15, an AP2-like transcription factor (TF),
causes premature juvenile-to-adult transition and exhibits
reduced epicuticular waxes on leaves (Moose and Sisco,
1996). In Arabidopsis, the AP2/EREBP-type TF WIN1/SHN1,
as well its homologs SHN2 and SHN3, activate cuticular
wax biosynthesis and confer drought tolerance (Aharoni
et al., 2004; Broun et al., 2004). Recently, an AP2/ERF TF (a
subfamily of AP2/EREBP TF) WRINKLED4 (WRI4) was
shown to directly activate genes in the wax biosynthesis
pathway (Park et al., 2016). Another AP2/ERF TF DEWAX
was identified to be a negative regulator of wax loads in
the leaf and stem of Arabidopsis (Go et al., 2014). In addition, cuticular wax accumulation is regulated by multiple
MYB TFs, namely MYB30, MYB96, MYB94, and MYB106
(Raffaele et al., 2008; Seo et al., 2011; Oshima et al., 2013;
Lee and Suh, 2015; Lee et al., 2016). MYB96 and MYB30
were found to confer resistance to abiotic and biotic stresses, respectively (Raffaele et al., 2008; Lee et al., 2014). The
maize MYB gene gl3 is also responsible for epicuticular
wax accumulation (Liu et al., 2012).
To date, at least 30 maize loci that contribute to cuticular
wax accumulation have been identified by mutants and a
handful of these have been cloned. However, the expression patterns and transcriptional responses upon perturbation of glossy genes have not been systematically
investigated. In this study, we compared transcriptomes
between mutants and wild-type siblings for each of eight
independent glossy genes. A gene co-expression network
(GCN) constructed with hundreds of transcriptomic data
sets was utilized to understand expression patterns of
genes involved in the cuticular wax pathway. With assistance from the GCN, we confirmed that a CER8 maize
homolog is responsible for epicuticular wax biogenesis,
and cloned the glossy gene, gl14.
RESULTS
Design of RNA-Seq experiments using eight glossy
mutants
We compared the transcriptomes of pairs of mutants and
their wild-type controls for each of eight glossy genes,
including seven cloned genes gl1, gl2, gl3, gl4, gl6, gl8,
and gl26 and one uncloned gene gl28 (Dietrich, 2002) (Figure 1, Table S1). To minimize the influence of genetic
background on transcriptomes, each glossy mutant was
first backcrossed into the B73 inbred line for at least six
generations. The eight resulting lines were self-pollinated
to generate populations, each of which was segregating
for a single glossy mutant. Seedlings from each population
were phenotypically classified as mutants (glossy phenotype) or wild-types (non-glossy phenotype) (Figure 1a).
Within each population, three biological replicates of
glossy and non-glossy phenotypes were separately pooled.
RNA samples from 48 samples comprising three paired
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pools of mutant and wild-type seedlings for each of eight
mutants were subjected to paired-end sequencing using
the Illumina platform. After removing data for four samples due to poor correlations of read counts per gene with
other samples, 44 RNA-Seq data sets remained for subsequent analyses (Table S2). More than 814.5 M pairs of raw
reads were obtained, resulting in an average of >18.5 M
read pairs per sample. 93.2–97.8% of raw read pairs
remained after adaptor and quality trimming (Table S3).
Here, 72.9–86.6% of the trimmed reads could be uniquely
mapped to the B73 reference genome (B73Ref3) (Table S4)
(Schnable et al., 2009).
We have shown previously that RNA sequencing data
from pools with phenotypically contrasting individuals can
be utilized for gene mapping. This method was referred to
as bulked segregant RNA sequencing (BSR-Seq) (Liu et al.,
2012). We applied BSR-Seq to genetically map each glossy
gene. The mapping locations of the seven cloned genes
were concordant with the known genomic locations of

corresponding genes, confirming that correct mutant materials were used and that the categorization of mutants and
wild-types was accurate (Figure 1b, Table S1). In addition,
the previously uncloned gl28 was mapped to chromosome
10, consistent with a previous report (Liu et al., 2010).
Identification of differential expression between glossy
mutant and wild-type controls
Genes that exhibited differential expression (DE) via comparisons between mutant and wild-type samples were
identified for each glossy gene. DE analyses identified 86
to 1017 DE genes from each of eight comparisons, covering 2279 non-redundant DE genes (Tables S5 and S6).
Genes related to fatty acid biosynthetic process, abiotic
stress response, photosynthesis, integral components of
membrane, and cell wall were all over-represented among
the DE genes (Figure 2b, Table S7). Specifically, 1376 and
993 genes were up- and down-regulated in mutants in at
least one comparison, respectively. Most genes (423/513)

Figure 1. Mapping of each of eight glossy gene via BSR-Seq.
(a) Phenotype of eight glossy mutants and one wild-type control after water spraying.
(b) Mapping of each glossy mutant gene was performed using RNA sequencing of plant pools separately from mutants and wildtypes. The probability of complete linkage of each SNP with the glossy gene was determined by a Bayesian approach and plotted versus the genomic coordinate of the SNP. The cloned
genes, gl1, gl2, gl3, gl4, gl6, gl8, gl26, were mapped to the expected locations. The uncloned gene, gl28, was mapped to chromosome 10.
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Figure 2. Differential expression between mutants and wildtypes of eight glossy genes.
(a) Expression regulation of eight cloned genes, indicated by log2 fold change of gene expression in mutants versus wildtypes, were color-coded. Blue designates
down-regulation in mutants relative to wild ype, while green designates up-regulation. The color intensity represents the level of fold change. Saturated intensity
is set at eight-fold changes (log2 fold changes are 3 or 3). A red asterisk indicates the significance of a given gene from a differential expression (DE) test.
(b) Significant gene ontology (GO) terms (q < 0.05) from the GO enrichment test were listed.
(c) Here, 513 genes showed DEs for at least twice out of eight comparisons of glossy mutants versus wild-types. For each gene, the level of up-regulation (green)
or down-regulation (blue) in the mutants was determined and plotted. From top to bottom, the number of differences between up- and down-regulation was
used to facilitate sorting.

that were significantly DE in more than one comparison
were only either up- or down-regulated (Figure 2c). Gene
ontology (GO) enrichment tests were performed on 301
and 164 genes that were up- and down-regulated in
mutants in at least two comparisons, respectively. Genes
related to fatty acid biosynthetic were highly enriched
among down-regulated genes, while genes responding to
stress, particularly abiotic stress, were highly enriched
among up-regulated genes (Figures S1 and S2). These
results indicated that the expression of fatty acid biosynthetic genes generally tend to be down-regulated in glossy
mutants versus their wild-type controls, and stress-defensive responses were induced in the mutant plants, perhaps
as a consequence of stresses imposed by reductions in
epicuticular wax loads.
We examined expression regulation of known glossy
genes, including gl13, another cloned glossy gene putatively encoding an ABC transporter (Li et al., 2013) (Figure 2a). All known cloned glossy genes exhibited
significant DE in at least one mutant versus wild-type comparison. Five glossy genes exhibited DE in at least two
such comparisons. The gl1, gl2, gl6, gl8, and gl26 genes
were down-regulated in their respective mutants as compared with wild-type controls. The gl3 gene, which

encodes a MYB transcription factor was up-regulated in
gl28 mutants as compared with wild-type controls, suggestive of feedback regulation. By contrast with all other
examined glossy genes, gl2 only exhibited DE in the gl2
mutants and wild-types comparison.
Construction of a GCN
To understand expression patterns of glossy genes in
diverse tissues/stages and under different environmental
conditions, we retrieved 324 B73 RNA-Seq data sets from
the Sequence Read Archive (SRA) and constructed a GCN
using normalized read counts per gene. The resulting GCN
consists of 13 211 genes in 34 modules (Figure 3a,
Table S8). Of the eight cloned glossy genes, seven were in
the B73 GCN and all were clustered in a single module (the
turquoise module) that contained 1774 genes, suggesting
that glossy genes are transcriptionally co-regulated
(Table S8). Within the turquoise module, for each gene,
the Mean of Absolute Correlation with glossy genes (MAC)
was determined (Experimental procedures). MAC values of
genes in the turquoise module, which indicate their similarity in expression to genes in the cuticular wax synthesis
pathway, ranged from 0.18 to 0.85 (Table S9). Note that
MAC values of glossy genes per se were also determined.
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Figure 3. Gene co-expression analysis of glossy genes.
(a) Publically available RNA sequencing data from various B73 samples were processed to determine gene expression. In total, 13 211 genes were added to the
constructed gene co-expression network (GCN), which contained 34 modules, represented by colors.
(b) Visualization of the partial turquoise network, known glossy genes are highlighted in red.
(c) Venn diagram of genes with differential expression (DE) at least in one comparison between glossy mutants versus wildtype, and genes in the turquoise
module from B73 GCN. In total, seven known glossy genes (gl1, gl2, gl3, gl4, gl6, gl13, gl26) in the GCN all shown to be DE were present in the turquoise module. Note that gl2 only showed DE in the gl2 mutant analysis and compared with wild-type controls.

Most glossy genes exhibited high MAC values, from 0.53
to 0.81 and with the average MAC value of 0.73, indicative
of a tight connection among glossy genes (Figure 3b). Of
genes in the turquoise module, 264 were DE in at least one
comparison between glossy mutants and wild-types. DE
genes from the turquoise module contained all seven
glossy genes, of which 6 out of 7 were DE in at least one
comparison of other glossy genes (Figure 3c). The average
of MAC values of 257 DE genes in the turquoise module,
with the exclusion of seven glossy genes, is higher than
that of the rest of genes in the module (t-test, P = 0.04),
indicating that, overall, expression patterns of DE genes in
the turquoise module are more similar to glossy genes.
GO enrichment analysis indicated that genes in the wax
biosynthesis and photosynthesis pathways were overrepresented among the DE genes in the turquoise module
(Table S10). Glossy genes and photosynthesis-related
genes were typically expressed at higher levels in young
or newly emerged leaves across vegetative stages, leaf
bases, silks, meiotic tassels, and anthers, but at lower
levels in roots and seeds, particularly seed endosperms
(Figure S3). Taken together, the turquoise module contains
the genes co-expressed with known glossy genes that are
enriched in the 264 DE genes of this module. We therefore
hypothesized that it includes previously uncloned glossy
genes involved in the accumulation of cuticular wax.
Co-expression of glossy genes is likely to be regulated
by common transcription factors (TFs). To identify
potential regulators, we employed a method called
Pathway-level co-expression (PLC) analysis to identify TFs

co-expressed with multiple glossy genes (Wei et al., 2006;
Chun and Keles, 2010). As a result, 69 co-expressed TFs
were found with at least three of six cloned genes gl1, gl2,
gl4, gl6, gl8, and gl26 (Table S11). Two genes showing coexpression with all six cloned genes are both MYB genes,
AC197146.3_FG002 and GRMZM2G162434 (gl3) (Liu et al.,
2012), both of which are in 264 turquoise-DE genes. The
identification of gl3 via this process indicated that the PLC
analysis algorithm successfully captured genes that regulated wax synthesis. In addition, a homolog of Arabidopsis
WIN1, GRMZM2G085678, displayed co-expression with
five glossy genes. Of 35 genes showing a co-expression
connection to at least four glossy genes, MYB genes
(N = 10) were over-represented (v2 = 9.3, df = 1, P = 0.002).
In Arabidopsis, some MYB genes are activators or suppressors of wax synthesis (Raffaele et al., 2008; Seo et al.,
2011; Go et al., 2014; Lee and Suh, 2015). Our results indicate that multiple MYB TFs also appear to regulate wax
synthesis in maize.
A CER8 homolog from turquoise-DE genes
The 264 turquoise-DE genes contain a gene,
GRMZM2G101875, that exhibited a high MAC value of 0.75
and was homologous to Arabidopsis CER8 (Lu et al.,
2009), which is involved in the conversion of fatty acids to
fatty acyl-CoAs for biosynthesis of cuticular waxes in the
ER. An ethyl methanesulfonate (EMS) mutant, ems12581,
carrying a G/A mutation at the splicing donor site of the
12th intron of GRMZM2G101875 was identified from the
Maize EMS induced Mutant Database (MEMD) (Figure 4a)
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Figure 4. GRMZM2G101875 mutant.
(a) Gene structure of GRMZM2G101875 and transcriptional start, end, point mutation of the ems12581 mutant, and primers positions were labeled. Black boxes
represent exons, grey boxes represent untranslated region and lines represent introns. Approximate positions and orientation of primers used for semi-RT-PCR,
F1 and R1, F2 and R2, are indicated as arrows.
(b) Semi-RT-PCR was used to detect the gene expression of GRMZM2G101875 between wildtype (WT) and ems12581 mutants in seedlings by primers indicated
in (a), and GAPDH was used as a control.
(c, d) Mutant and wild-type photographs from water spraying and SEM (BAR = 3 cm). Leaf epicuticular wax accumulation in wild-type and ems12581 seedlings
detected via SEM (910 000 magnification, bar = 3 lm).
(e, f) Total epicuticular wax loads and wax components of mutants and wildtypes. Values are means of four biological replicates  SD. UI represents unidentified
components and asterisks indicate statistically significant differences between wild-type controls and ems12581 mutants (*P < 0.05, **P < 0.01, Student’s t-test).

(Lu et al., 2018). Segregation analysis of 16 individuals
showed that glossy phenotypes perfectly matched phenotypic expectation from genotyping data of the G/A

mutation site (Table S12). The mutation caused a reduced
accumulation of transcripts and the accumulation of intron
retention transcripts containing 12th intron (Figure 4b).
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The mutant seedlings displayed a typical glossy phenotype, indicative of decreased accumulation of epicuticular
waxes (Figure 4c). Examination of wax accumulation on
leaf surfaces via scanning electron microscopy (SEM)
showed that fewer wax crystals were deposited on the surfaces of ems12581 mutant leaves as compared with wildtype leaves (Figure 4d). Total wax loads and composition
of ems12581 mutants were further quantified by GCmass
spectrometry. Relative to wildtypes, total leaf surface wax
on ems12581 mutants was reduced by 32%, from
14.1 lg cm2 in wildtypes to 9.6 lg cm2 (Figure 4e).
Altered wax components were also observed in mutants
versus wildtypes, namely, decreased amounts of C28, C30,
C32, C34 primary alcohols but increased amounts of C32
aldehydes and C31 alkanes in ems12581 mutants (Figure 4f). The results supported the conclusion that the CER8
homolog GRMZM2G101875, termed ZmCER8, participates
in accumulation of epicuticular waxes in maize, demonstrating that the discovery of unknown glossy genes can
be facilitated with GCN data.
Cloning of gl14
We further used GCN information to assist with the cloning
of gl14, which exhibits a classical glossy phenotype (Figure 5a). The gl14 gene has been mapped to chromosome 2
(Sprague, 1990; Schnable et al., 1994). Three additional
gl14 mutants (gl14-EMS-94-1001-3651, gl14-EMS-94-10013307, and gl14-EMS-AEW-A632-44) were generated
through EMS mutagenesis of the inbred line A632 and confirmed to be allelic to gl14-ref. Each allele was backcrossed
to A632. For each mutant allele, an F2 segregating population was developed, and F2 mutant and wild-type siblings
were separately pooled for BSR-Seq mapping (Table S13).
All three alleles were mapped to chromosome 2 using
44 410 to 52 519 SNPs for BSR-Seq comparisons, and the
strong mapping peaks around the interval between 63.0
and 126.3 Mb were observed in the mapping results for
the gl14-EMS-94-1001-3307 and gl14-EMS-AEW-A632-44
alleles (Figure 5b, Figure S4). Broad mapping intervals are
probably a consequence of the fact that the gl14 gene is
located near the centromere (c. 94 Mb) where recombination is highly suppressed (Liu et al., 2009b).
Assessment of functional impacts of nucleotide polymorphisms identified using RNA-Seq of all three EMSinduced mutants, through the software SNPEff (Cingolani
et al., 2012), found 3659 high-impact variants, such as
mutations at splice acceptor/donor sites, losses of translational start sites, or gains of translational stop site, in 3605
genes, among which 38 were located in the mapping interval. Of 38 genes, three overlapped with genes in the GCN
turquoise module (Figure 5b). These three genes exhibited
moderately high MAC values, ranging from 0.43 to 0.63.
One of these genes, GRMZM5G806387, carried G/C to A/T
changes that were characteristic of EMS-type mutations.

All three mutant alleles contained such a mutation, resulting in a premature stop codon in each mutant allele. Two
of these alleles, gl14-EMS-94-1001-3307 and gl14-EMS-941001-3651, harbored the same mutation at position
89 243 661, and the allele of gl14-EMS-AEW-A632-44 had a
mutation at position 89 243 516 (Figure 5c). All three
EMS-type mutations inferred from RNA-Seq data were
confirmed by Sanger sequencing using DNAs from independent mutant plants (Figure S5). Sanger sequencing of
the coding sequence of the gl14-ref allele identified a point
mutation (C to T) causing an amino acid (aa) change from
arginine (R) to cysteine (C) at the 47th aa (R47C) of the
Gl14 protein (Figure S6). The gl14 gene contains a single
exon, encoding a 160-aa protein. The mutation in the reference allele is located at the conserved MARVEL domain
(DUF588) containing three transmembrane helices (Sanchez-Pulido et al., 2002), and arginine at the 47th aa is
highly conserved across plant species (Figure S7). SEM
showed decreased wax crystals on the leaf surface of gl14EMS-94-1001-3651 mutants as compared with wild-type
seedlings (Figure 5a). Consistently, total leaf surface waxes
on gl14 mutants were reduced by 33%, from 11.9 lg cm2
in wild-type seedlings to 7.9 lg cm2 (Figure 5d). Wax
composition analysis showed reduced amounts of C28, C30,
C32, C34 primary alcohols, and C32 fatty acids, but elevated
amounts of C32 aldehydes and C31 alkanes on gl14 mutant
leaves (Figure 5e). Our result provided strong evidence
that GRMZM5G806387 is the gl14 gene that presumably
encodes a membrane-associated protein.
DISCUSSION
In this study, we compared leaf transcriptomes of glossy
mutants with those of their wild-type siblings and examined
transcriptomic regulation of glossy genes. We found that
glossy genes are co-regulated, a characteristic that can be
used to identify unknown glossy genes. Two maize glossy
genes identified in this manner demonstrate the value of
our approach, thereby defining a strategy to facilitate the
discovery of causal genes underlying traits of interest.
Revelation of expression patterns of maize glossy genes
We attempted to understand expression patterns of maize
glossy genes responsible for epicuticular wax accumulation, and transcriptomic responses upon perturbation of
glossy genes. Dysfunction of most glossy genes resulted
in the down-regulated expression of other glossy genes,
suggesting that the entire wax pathway may be inactivated
in most glossy mutants. At the same time, pathways
responsive to stresses were induced in glossy mutants.
Stresses are likely to be imposed by elevated non-stomata
water losses owing to reduced wax loads on leaf surfaces
(Li et al., 2013, 2018). Stress responses are also possibly
signaled by changed accumulation of VLCFAs on leaves,
supported by the findings that genes involved in wax
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Figure 5. gl14 cloning.
(a) Phenotype of the gl14 mutant (the gl14-EMS-94-1001-3307 homozygous mutant) and wildtype after water spraying (bar = 3 cm) and SEM photographs
(910 000 magnification, bar = 3 lm).
(b) BSR-Seq to map the gl14 gene using the mutant allele of gl14-EMS-94-1001-3307. The mapping interval was based on SNPs showing a high probability
(>0.975) of complete linkage between the SNP and the gl14 gene. Candidate genes are the genes harboring at least one large-effect variant in EMS mutants and
in the turquoise co-expression module.
(c) The candidate gene, GRMZM5G806387, was confirmed to be the gl14 gene by showing that three alleles from at least two independent EMS mutagenesis
events carried EMS-type mutations, all of which introduce premature stop codons, and presumably caused the encoded truncated proteins.
(d, e). Total epicuticular wax loads, wax component analysis and comparison in gl14 mutants (the gl14-EMS-94-1001-3307 homozygous mutant) and wildtype.
Values are means of three biological replicates  SD. UI indicates unidentified and asterisks indicate statistically significant differences between wildtype and
gl14 mutants (*P < 0.05, **P < 0.01, Student’s t-test).
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biosynthesis participate in both biotic and abiotic stress
responses (Aharoni et al., 2004; Raffaele et al., 2008; Seo
et al., 2011; De Bigault Du Granrut and Cacas, 2016).
Activation of most glossy genes in young leaves, silks,
meiotic tassels, and anthers are consistent with the
hypothesis that wax components are critical for the development and/or functions of these organs. Conceivably,
active cell development at young leaf stages and flowering
requires the maintenance of a high moisture environment.
Increased production of cuticular waxes protects organs
from non-stomatal water losses, which may incrementally
contribute to preserve necessary moisture in these organs.
In Arabidopsis, WIN1/SHN1 is highly expressed during
flowering time, presumably activating wax biosynthesis
(Broun et al., 2004). Overexpression of WIN1/SHN1 confers
drought tolerance. However, organ non-specific and constitutive WIN1/SHN1 expression has pleiotropic alterations in
growth and development (Aharoni et al., 2004). To breed
enhanced drought tolerance crops through modifying wax
loads, it would be highly valuable to identify TFs that can
specifically tune wax expression on those organs that
would benefit from high cuticular wax loads.
Candidate transcriptional regulators of wax accumulation
Epicuticular waxes are spatially and temporally expressed
and our GCN data indicated that expression of glossy genes
is strictly regulated. We employed PLC analysis to identify 69
TFs whose expression is highly correlated with the expression of glossy genes. Among these TFs, MYB TFs are overrepresented. Multiple MYB TFs, namely, MYB30, MYB96,
MYB94, and MYB106, have been demonstrated to regulate
cuticular wax biosynthesis in Arabidopsis (Raffaele et al.,
2008; Seo et al., 2011; Oshima et al., 2013; Lee and Suh,
2015; Lee et al., 2016). Different MYB TFs may share targeted
genes in wax biosynthesis, and/or regulate distinct targets.
Experimental data from Arabidopsis showed that MYB30
and MYB96 directly activated genes synthesizing VLCFAs,
while MYB94 regulated diverse genes including some
involved in producing VLCFAs, as well as genes participating
in VLCFA modification such as CER1 in the alkane-forming
pathway and WSD1 in the alcohol-forming pathway (Raffaele et al., 2008; Seo et al., 2011; Lee and Suh, 2015).
MYB106 promotes wax biosynthesis by targeting WIN1
(Broun et al., 2004). In maize, only one MYB gene, gl3, has
been confirmed to be responsible for wax biosynthesis.
From expression data of diverse tissues, gl3 expression was
only observed in a handful of tissues such as young leaves,
meiotic tassels, and silks, in which almost all known glossy
genes were expressed at relatively high levels (Figure S8).
However, expression of some glossy genes was detected
beyond those tissues, indicating that gl3-independent activation exists. In roots, some MYB TFs were silenced, including
gl3, but others, including GRMZM2G044824 (MYB9),
GRMZM2G104789 (MYB36), GRMZM2G017268 (MYB93),

and GRMZM2G110135 (MYB93) were induced. The MYB
genes induced might specifically regulate a subset of glossy
genes in roots (Figure S9), which possibly involves the accumulation of long chain fatty acids required for producing
suberin (Graca, 2015).
In addition to MYB TFs, AP2/EREBP TFs are also important transcriptional regulators for wax production. Overexpression of either of WIN1/SHN1 and its homologs, SHN2
and SHN3, changed surface structure and composition in
Arabidopsis, including reduced stomatal density and elevated production of cuticular waxes, and affected epidermal cell differentiation. Altering cell fate is reminiscent of
the function of gl15 in maize. The loss of gl15 function
induces early juvenile-to-adult phase transition of epidermal cells, which results in alterations in wax loads. WRI4
and DEWAX are two AP2/ERF TFs that directly positively
and negatively regulate genes in the wax pathway, respectively. Our Sparse Partial Least Squares (SPLS)-based pathway-level co-expression analysis also identified three AP2/
EREBP TFs GRMZM2G085678, GRMZM2G141219, and
GRMZM2G457562. Among these, GRMZM2G085678 is a
homolog of Arabidopsis WIN1/SHN1. Based on gene
expression in diverse tissues from different stages, all
three AP2/EREBP maize genes are transcriptionally positively correlated with glossy genes, indicating that they are
not negative regulators as DEWAX is still functional (Figure S9). In addition to MYB and AP2/EREBP TFs, other
gene families whose expression is correlated with glossy
genes include other TF families such as bHLH-TFs and
mitochondrial transcription termination factor family proteins. With the established transformation technology,
developed reverse genetic resources (Settles et al., 2007;
Lu et al., 2018) and advances in genome editing technologies (Gao, 2018), the TF candidates that potentially regulate
wax production are ready for experimental examination.
Two maize glossy genes
Gene co-expression network analysis aided the identification of two maize glossy genes, GRMZM2G101875
(ZmCER8), an Arabidopsis CER8 homolog, and Gl14, a
glossy gene with unknown function. In Arabidopsis,
LACS1/CER8 is postulated to be a direct VLCFA modifier
due to the altered composition of VLCFA derivatives in
cer8 mutants (Jenks et al., 1995). We found increased
amounts of C32 aldehydes and C31 alkanes, and decreased
amounts of C28, C30, C32, C34 primary alcohols in ems12581
mutants. Consistent with Arabidopsis cer8 mutants,
changes were largely observed on very-long-chain (C28
and longer chain) derivatives, although alkanes derivatives
are a major group that is reduced in Arabidopsis cer8
mutants. Our data therefore support the hypothesis that
CER8/LACS1 primarily functions in the conversion of
VLCFAs to fatty acyl-CoAs from which cuticular waxes are
derived (Lu et al., 2009). It is likely that the lack of fatty
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acyl-CoAs as precursors has a complicated effect on the
production of VLCFA derivatives, and the effects appear to
be different between Arabidopsis and maize.
The gl14 gene carries a conserved MARVEL domain
(DUF588) containing three transmembrane helices. The
mutation in the gl14-ref mutant allele is located at a highly
conserved amino acid in the MARVEL domain, which is
expected to influence membrane-related function. Given
the weakly expressed glossy phenotype of gl14-ref
mutants (Dietrich, 2002) and the strong glossy phenotype
of the EMS mutant, which presumably produces a truncated protein (Figure S10), gl14-ref is likely to represent a
leaky allele. This result also suggests that the effect of Gl14
on cuticular wax production is not marginal.
In summary, our transcriptomic study revealed expression relationships among glossy genes, genes in other
pathways, and transcriptional regulators. GCN and transcriptomic responses to perturbation of glossy genes provide a unique guide for prioritizing candidate genes for
identifying unknown glossy genes. These findings could
help to accelerate discovery of unknown glossy genes and
provide useful information for a possible rewiring of cuticular wax biosynthesis that has the potential to improve
important agricultural traits such as enhanced drought tolerance or pathogen resistance.
EXPERIMENTAL PROCEDURES
Genetic materials
The reference alleles of each of genes (gl1, gl2, gl3, gl4, gl6, gl8,
gl26, gl28) were introduced to the inbred line B73 via at least six
backcrosses. Self pollinations of heterozygous individuals from
this backcrossing program were used to generate families segregating for specific reference alleles. Our ability to discriminate
mutants and wild-type siblings in these families was enhanced by
spraying water on seedlings at the two or three leaf stage. Seedlings whose leaves were covered by small water droplets were
classified as mutants. Seedlings without the water-droplet phenotype were categorized as wild-type. Rare seedlings with ambiguous phenotypes were not used for further analyses.
The EMS mutant of GRMZM2G101875, ems12581, was ordered
from the Maize EMS induced Mutant Database (MEMD) (http://
111.203.21.178/memd) (Lu et al., 2018).
The reference allele (gl14-ref) was described by Sprague (Sprague, 1990) and ordered from the Maize Genetics COOP Stock Center. Three additional mutant alleles of gl14 were generated
previously via ethyl methanesulfonate (EMS) mutagenesis of the
inbred line A632 (Dietrich, 2002).

RNA extraction and sequencing
For all RNA-Seq experiments, mutants and sibling wild-type controls from a single segregating family generated as described
above were separately pooled. Pooled tissues were subjected to
total RNA extraction (RNeasy mini kit; Qiagen, https://www.qiage
n.com/) followed by treatment with DNase I. Total RNA samples
were quality checked and used to prepare sequencing libraries.
With the exception of the gl2-related samples, all samples were

sequenced as 29 101-bp paired ends in an Illumina HiSeq2000
instrument at Macrogen Inc. in Korea (https://www.illumina.com/).
The gl2 RNA-Seq experiment was performed using 29 150-bp
paired-end sequencing in an Illumina HiSeqX instrument at Novogene, China. Three biological replicates per experiment of the
glossy gene were performed. To reduce technical variation during
sequencing, all six samples associated with a given glossy gene
were sequenced in the same lane.

Read trimming, alignment, and read counts per gene
Raw reads were trimmed to remove adaptor contamination and
low-quality base pairs with Trimmomatic (v3.6) software (Bolger
et al., 2014). The minimal requirement of read lengths was 50 bp.
Clean reads were aligned to the B73 reference genome (B73Ref3)
with the RNA-Seq aligner, STAR (STAR_2.5.2a_modified) (Dobin
et al., 2013). A qualified alignment requires at least a 50-bp match,
at least 98% of the length of a read aligned to the reference
sequence, and at most two mismatches. Only uniquely mapped
reads were used for subsequent analyses. Read counts per gene
were determined using STAR.

Discovery of variants
GATK (v3.3) used alignments to discover SNPs using all RNA-Seq
data, and to determine read depths per allele for each sample
(McKenna et al., 2010). Before GATK SNP calling, STAR alignments in the BAM format were modified with read groups added
using the module AddOrReplaceReadGroups (v2.6.0-SNAPSHOT)
in the Picard package (https://github.com/broadinstitute/picard).
Only bi-allelic SNP sites were retained.

BSR-Seq mapping
Genomic locations of glossy genes were determined via BSR-Seq
(Liu et al., 2012).

Analysis of differential expression
DESeq2 (1.14.1) was used to identify differentially expressed
genes (Love et al., 2014). The parameter ‘independent Filtering’
was turned on to remove genes that were unlikely to be differentially expressed statistically. Multiple testing correction was
accounted for using a 10% false discovery rate (FDR) (Benjamini
and Hochberg, 1995).

Gene ontology analysis
Gene ontology terms that were over-represented in a set of genes
were identified using the random resampling method (N = 10 000)
in the GOSeq enrichment test (Young et al., 2010). GO terms with
adjusted p-values less than 0.05 were considered to be over-represented terms (Benjamini and Hochberg, 1995). The online tool
AgriGO (bioinfo.cau.edu.cn/agriGO) (Tian et al., 2017) was used to
visualize GO networks. Fisher’s exact test was used in AgriGO GO
enrichment tests and the Yekutieli method was implemented to
account for multiple tests under dependency (Benjamini and
Yekutieli, 2001).

Construction of the GCN
B73 RNA-Seq data were downloaded from the NCBI sequence
read archive (SRA) (Table S14), which were generated from multiple tissues including but are not limited to seedlings, leaves,
crown roots, tap roots, whole roots, shoots, seeds, steles, shoots,
stems, pollen, ears, and tassels. Raw reads were trimmed to
remove adaptors and low-quality base pairs via Trimmomatic
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(v3.3). Clean reads were aligned to the B73Ref3 with STAR, followed by the generation of normalized FPKM (fragments per kb of
transcript per million reads) using cufflinks (v2.1.1) software (Trapnell et al., 2010). The normalized data were used to construct the
GCN with the WGCNA R package (Langfelder and Horvath, 2008).

Determination of the mean of absolute correlation with
glossy genes (MAC)
Normalized read counts per gene of all RNA-Seq data sets used
for GCN analysis were used for calculating the Pearson correlation
of each gene from the turquoise module with each of glossy
genes in the module. The mean of absolute values of correlation
with multiple glossy genes, referred to as MAC, was used to indicate the similarity in expression of a gene to genes in the cuticular
wax synthesis pathway. When calculating the MAC of a glossy
gene, the correlation with itself was excluded from the calculation
of a MAC value.

Identification of transcription factors regulating glossy
genes
Sparse Partial Least Squares regression (Chun and Keles, 2010),
which has demonstrated to be effective in identifying functionally
associated regulatory relationships with multi-dimensional biological data, was used to associate six known glossy genes with
annotated TFs. Six glossy genes including gl1, gl2, gl4, gl6, gl8,
gl26 as well as 2604 maize TFs downloaded from PlantTFDB (Jin
et al., 2017) were used in the SPLS analysis. The expression data
of six glossy genes and all 2604 TFs were extracted from the 324
RNA-seq data sets used in GCN analysis. SPLS analysis was performed using an R package called ‘spls’ from the CRAN library
(https://CRAN.R-project.org/package=spls). All TFs that had a significant partial correlation with a glossy gene were taken into
account toward the calculation of their frequencies of correlation
with six pathway genes. Pathway-level co-expression (PLC) analysis, as illustrated earlier (Wei et al., 2006), was finally performed
to summarize and rank all TFs based on the number of glossy
genes with which they were partially correlated. The TFs that were
partially correlated with high number of wax pathway genes were
considered to be the potential pathway regulators.

Generation of heatmaps using RNA-Seq expression data
The transformed gene expression values with log2 (FPKM+0.1)
were then standardized with Z-score method for clustering analysis. Standardized scores with original FPKM less than 0.1 were
converted to the lowest standardized value across all data points.
Hierarchical clustering analysis and heatmaps were performed
with the R package pheatmap (https://CRAN.R-project.org/packa
ge=pheatmap) using Pearson’s correlation.

Scanning electron microscopy
Second-leaf samples were fixed on the spindle and frozen in liquid
nitrogen, and dried in a vacuum-drying oven for SEM analysis
(SU8010; HITACHI, Japan, http://www.hitachi.com/) (Aharoni et al.,
2004).

Analysis of wax composition
Wax extraction and gas chromatography (GC)-mass spectrometry
(MS) analysis were performed according to the described methods
with some modifications (Chen et al., 2011). Mutants and wildtypes were grown in the substrate of roseite and sands (1:1) at
growth chamber (25°C) under 16/8 h light/dark. Second leaves

from three-leaf plants containing 5–6 g dry matter were collected
and instantly immersed in 1000 lL chloroform for 45 sec, the
extracts containing 10 mg of tetracosane (Fluka) as an internal
standard were transferred into opened reactive vials, dried with
nitrogen gas (Pressure Blowing Concentrator; N-EVAP), and derivatized by adding 20 lL of N,N-bis-trimethylsilyltrifluoroacetamide
(Macherey-Nagel) and 20 lL of pyridine and incubated for 40 min
at 70°C. These derivatized samples were then analyzed by GC-FID
(Agilent, Technologies) and GC-MS (Agilent gas chromatograph
coupled to an Agilent 5973N quadrupole mass selective detector,
https://www.agilent.com/).

Reverse transcription PCR
For GRMZM2G101875 expression analysis, samples of young
leaves at 12 days after sowing were collected, and then were used
to extract total RNAs using TRIzol reagent (Invitrogen, https://
www.thermofisher.com/). RT-PCR analysis was conducted with
primers F1 and R1, F2 and R2. Primer sequences, F1, 50 -GCT
GAAGCCGACTCTACTGG-30 ; R1, 50 -GCTTTCATGCTTGCCAGTTT-30 ;
F2, 50 -TTGGAGAGATGACCCCAGAC-30 ; R2, 50 -CGGCCTTCACTCTT
CTCAAC-30 . Maize GAPDH was used as the internal control.
GAPDH-F, 50 -AGGATATCAAGAAAGCTATTAAGGC-30 , GAPDH-R,
50 -GTAGCCCCACTCGTTGTCG-30 .

Analysis of functional effects of variants of gl14 EMS
mutants
GATK variant VCF outputs were used to annotate variants with
SnpEff (4.3r) (Cingolani et al., 2012). The prioritized candidates of
causal gl14 EMS mutations are variants that are located in the
mapping interval, G to A or C to T transitions, and annotated as
high-impact variants.

Sanger sequencing validation of EMS-induced gl14
mutations
PCR amplicons from EMS mutants with primers designed on EMS
mutation sites were purified and Sanger sequenced. Primers
gl14_320F, 50 -CGTCATGCTCCGTAACCAG-30 ; gl14_497R, 50 -GAGGAAGACGAGCCAGGAG-30 were used to sequence the mutation
of the gl14-EMS-AEW-A632-44 allele. Primers gl14_417F, 50 -GC
TGCCTACTCGCTGGTATC-30 ; gl14_623R, 50 -CGTGATGTTGGCA
GAAAAAG-30 were used to sequence mutations of gl14-EMS-941001-3651 and gl14-EMS-94-1001-3307 alleles.

Sanger sequencing to identify nucleotide polymorphisms
in the gl14-ref allele
Primers designed to amplify sequences covering the whole coding
sequence were used to sequence the gl14-ref allele: gl14-F, 50 CCTCCCCATAAATGCACTGT-30 ; gl14-R, 50 -AACGCATAAGCTGCCATACA-30 .

ACCESSION NUMBERS
RNA-Seq data for eight glossy comparisons were deposited at Sequence Read Archive (SRA) under accession
number SRP155608. RNA-Seq of three gl14 EMS mutants
and their wild-type controls were deposited under accession number SRP155600.
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