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ABSTRACT  65 

The hydrophobic cuticle is the first line of defense between aerial portions of plants and the 66 

external environment. On maize (Zea mays L.) silks, the cuticular cutin matrix is infused with 67 

cuticular waxes, consisting of a homologous series of very long-chain fatty acids (VLCFAs), 68 

aldehydes, and hydrocarbons. Together with VLC fatty acyl-CoAs (VLCFA-CoAs), these 69 

metabolites serve as precursors, intermediates and end-products of the cuticular wax biosynthetic 70 

pathway. To deconvolute the potentially confounding impacts of the change in silk 71 

microenvironment and silk development on this pathway, we profiled cuticular waxes on the 72 

silks of the inbreds B73 and Mo17, and their reciprocal hybrids. Multivariate interrogation of 73 

these metabolite abundance data demonstrates that VLCFA-CoAs and total free VLCFAs are 74 

positively correlated with the cuticular wax metabolome, and this metabolome is primarily 75 

affected by changes in the silk microenvironment and plant genotype. Moreover, the genotype 76 

effect on the pathway explains the increased accumulation of cuticular hydrocarbons with a 77 
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concomitant reduction in cuticular VLCFA accumulation on B73 silks, suggesting that the 78 

conversion of VLCFA-CoAs to hydrocarbons is more effective in B73 than Mo17. Statistical 79 

modeling of the ratios between cuticular hydrocarbons and cuticular VLCFAs reveals a 80 

significant role of precursor chain length in determining this ratio. This study establishes the 81 

complexity of the product–precursor relationships within the silk cuticular wax-producing 82 

network by dissecting both the impact of genotype and the allocation of VLCFA-CoA precursors 83 

to different biological processes, and demonstrates that longer chain VLCFA-CoAs are 84 

preferentially utilized for hydrocarbon biosynthesis. 85 

 86 

 87 

INTRODUCTION 88 

The cuticle is the external hydrophobic barrier covering the epidermis of most aerial organs 89 

of terrestrial plants (Riederer and Schreiber, 2001). The cuticle limits transpirational water loss 90 

(Yeats and Rose, 2013) and thus has a role in protecting the organism from such abiotic stresses 91 

as drought, salinity, and temperature. Additional protective roles include protection from 92 

ultraviolet radiation (Krauss et al., 1997; Shepherd and Wynne Griffiths, 2006), and from biotic 93 

stresses, such as fungal and bacterial pathogens and herbivory by insects (Eigenbrode and 94 

Espelie, 1995; Serrano et al., 2014).   95 

The cuticle is comprised of a cutin polyester matrix that is infused with and laid atop by 96 

solvent-extractable cuticular waxes, which themselves have been shown to be associated with 97 

protection against ultraviolet radiation (Tafolla-Arellano et al., 2018), drought (Panikashvili et 98 

al., 2007; Kosma et al., 2009), humidity changes (Kim et al., 2019), and disease resistance 99 

(Wang et al., 2020). In general, these extracellular cuticular waxes can include acyl derivatives 100 

such as very long-chain fatty acids (VLCFAs) (i.e., fatty acids of 20-carbons and longer), 101 

hydrocarbons, aldehydes, primary and secondary alcohols, ketones, and wax esters. Additional 102 

components include triterpene derivatives, such as b-sitosterol, stigmasterol, lupeol and a- and 103 
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b-amyrins (Jetter et al., 2006). The specific composition of the cuticular wax metabolome is 104 

dependent on the organism, tissue or organ, and temporal stage of tissue or organ development 105 

(Shepherd and Wynne Griffiths, 2006; Samuels et al., 2008). For example, in maize (Zea mays 106 

L.), the cuticular waxes on juvenile and adult leaves are primarily composed of VLCFAs, 107 

alcohols, aldehydes and wax esters, with only about 1% and 17% being hydrocarbons, 108 

respectively (Bianchi et al., 1984; Bianchi et al., 1985). In contrast, on maize silks, which are the 109 

stigmatic floral tissues that receive pollen and facilitate fertilization of the ovule, cuticular waxes 110 

are particularly rich in hydrocarbons, comprising 40-90% of these lipids, with lesser amounts of 111 

VLCFAs, and minor to trace amounts of aldehydes and alcohols (Yang et al., 1992; Perera et al., 112 

2010; Loneman et al., 2017; Dennison et al., 2019). Hence, the metabolic network responsible 113 

for cuticular wax deposition on silks include two major branches of the pathway, one that 114 

produces hydrocarbons and one that produces VLCFAs. 115 

The favored model for hydrocarbon biosynthesis in plants is that it occurs in the endoplasmic 116 

reticulum via the reduction of a saturated or unsaturated VLC fatty acyl-CoA (VLCFA-CoA) to 117 

an aldehyde intermediate, which subsequently undergoes decarbonylation to produce either a 118 

saturated (alkane) or unsaturated (alkene) hydrocarbon, which are then transported to the 119 

extracellular cuticle (Cheesbrough and Kolattukudy, 1984; Bernard et al., 2012; Jetter et al., 120 

2018). Because the majority of VLCFA-CoAs are comprised of an even number of carbon atoms 121 

(2n, where n represents the number of 2-carbon units used to assemble the VLCFA-CoA), this 122 

process generates hydrocarbon products with an odd-numbered carbon chain length (i.e., 2n – 1). 123 

However, if the process begins with odd-numbered VLCFA-CoA (i.e., 2n + 1 carbons) 124 

substrates, even-numbered hydrocarbon products are produced (i.e., (2n + 1) – 1 = 2n). Such 125 

even-numbered hydrocarbons occur at lower quantities in many cuticles, including that of maize 126 



 6 

silks (Yang et al., 1992; Loneman et al., 2017; Dennison et al., 2019). The sequence of 127 

hydrocarbon-forming reactions can occur at each VLCFA-CoA chain length (i.e., at every value 128 

of 2n or 2n+1), thereby generating a homologous series of cuticular hydrocarbon products with 129 

alkyl chain lengths ranging from 19-33 carbon atoms (Perera et al., 2010). Apart from allocation 130 

to the reduction-decarbonylation pathway, VLCFA-CoA precursors of every chain length can 131 

also be hydrolyzed into free VLCFAs and subsequently transported to the cuticle as cuticular 132 

free VLCFAs.  Importantly, the cuticular VLCFAs, the aldehyde intermediates and the 133 

hydrocarbon products of the reduction-decarbonylation pathway are all solvent-extractable from 134 

silk cuticles (Loneman et al., 2017), permitting the assessment of relationships among these 135 

metabolically interconnected lipids.  Indeed, based on the assessment of cuticular VLCFAs, 136 

aldehydes, alkanes, and alkenes collected from maize silks, a pathway model involving a series 137 

of parallel reactions has been proposed for the biosynthesis of both alkanes and alkenes (Perera 138 

et al., 2010; Gonzales-Vigil et al., 2017). 139 

As with all biological processes, this cuticular wax-producing network is genetically 140 

programmed and is regulated by many factors that integrate environmental and developmental 141 

cues. Indeed, both genetic and environmental factors impact the cuticular wax metabolome on 142 

maize silks. For example, multiple characterizations of the maize silk cuticular waxes revealed 143 

substantial difference (i.e., up to 10-fold) in abundance among various panels of inbred lines, 144 

demonstrating the breadth of natural variation in cuticular composition (Yang et al., 1992; Miller 145 

et al., 2003; Perera et al., 2010; Loneman et al., 2017; Dennison et al., 2019). Moreover, within 146 

any individual maize inbred line, cuticular wax accumulation varies along the length of the silks. 147 

Specifically, cuticular hydrocarbons accumulate at up to five-fold higher levels on the portions of 148 

silks that have emerged from the protective husk leaves, as compared to the portions that are still 149 



 7 

encased by these husk leaves (Miller et al., 2003; Perera et al., 2010; Loneman et al., 2017; 150 

Dennison et al., 2019), demonstrating an impact of silk microenvironment on hydrocarbon 151 

biosynthesis. Thus, it is precisely the dynamic character of these natural systems that permits the 152 

statistical interrogation of the hydrocarbon-producing network among maize inbreds.  153 

Herein, a fine dissection of the cuticular wax-producing network is conducted via cuticular 154 

wax profiling of five contiguous silk sections, from base to tip, for the maize inbred lines B73 155 

and Mo17, as well as their reciprocal hybrids. These silk sections constitute a spatio-temporal 156 

gradient that captures the spatial differences in cuticular wax composition and differences caused 157 

by silk development within the encased portions of the silks (Fuad-Hassan et al., 2008). B73 and 158 

Mo17 were selected for these studies because they are two agronomically important inbred lines 159 

for which high quality genome sequences and annotations are available (Hufford et al., 2021; 160 

Chen et al., 2023). Moreover, previous studies have revealed wide variation in cuticular wax 161 

composition between these two inbreds, which was the basis for deducing the potential pathway 162 

for alkene biosynthesis (Perera et al., 2010). Additionally, these inbred lines provide the genetic 163 

foundation for commonly used intermated B73´Mo17 recombinant inbred line populations that 164 

have facilitated the quantitative genetic analysis of metabolite traits (González-Rodríguez et al., 165 

2023), including cuticular waxes (Dennison, 2020). Supervised and unsupervised multivariate 166 

statistical analyses of the cuticular wax profiles along the silk length of these maize lines reveal 167 

that both microenvironment and genotype of the silks greatly impact cuticular wax compositional 168 

dynamics. Furthermore, dissection of the product-precursor relationship within the silk cuticular 169 

wax-producing network demonstrated that with increasing acyl chain lengths, VLCFA-CoA 170 

precursors were preferentially incorporated into the hydrocarbon-producing pathway among 171 

many other processes that also utilize VLCFA-CoAs (e.g. complex lipid biosynthesis). These 172 
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findings provide the foundation for unraveling the complex metabolic networks underlying the 173 

compositional variations that are observed in cuticular waxes in response to changes in micro-174 

environment and across different genetic backgrounds. 175 

 176 

RESULTS 177 

To model the metabolic network for hydrocarbon production and deconvolute the potential 178 

impacts of development, microenvironment, and genetics on the dynamics of the cuticular wax 179 

metabolome, we profiled extracellular cuticular waxes along the lengths of silks collected at 3-180 

days post silk-emergence. These silks were exhaustively sampled (~20 biological replicates) 181 

from four maize genotypes (inbred lines B73 and Mo17, and their reciprocal hybrids, B73×Mo17 182 

and Mo17×B73) in the summer growing seasons of 2014 and 2015. The collected silks were 183 

dissected into five contiguous segments, named sections A-E, from base to tip (Figure 1A). At 184 

the time of silk collection, cell division has ceased, and the developmental gradient is primarily 185 

determined by cellular elongation, which is occurring only in the husk-encased portions of the 186 

silk, with an acropetal decrease in the rate of cell elongation (Fuad-Hassan et al., 2008). 187 

Therefore, these sections reflect a combination of spatial and temporal gradients (Fuad-Hassan et 188 

al., 2008). This gradient includes the microenvironment transition of the silks, as sections A-C 189 

were husk-encased, and sections D and E had emerged into the external environment (McNinch 190 

et al., 2020). These factors were analyzed with the 2014 dataset, and the comparison to the 2015 191 

data allowed for the analysis of macroenvironmental effects. All cuticular wax composition data 192 

are available in Supplemental Table S1. 193 

Spatio-temporal dynamic changes in the cuticular wax metabolome in maize silks of 194 

different genotypes  195 
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Depending on genotype and silk section, hydrocarbons account for 85-97%, and VLCFAs 196 

account for 2-15%, of total extractable cuticular waxes; whereas aldehydes and alcohols are 197 

detected only in trace amounts (<1%) (Figure 1, A and B; Supplemental Table S1). Irrespective 198 

of the genotype, total cuticular wax load increases acropetally (i.e., increases from section A to 199 

E; Figure 1A). A three-fold increase in total cuticular wax abundance is observed along the silk 200 

length for inbred line B73, whereas total abundance only doubles for inbred line Mo17, and the 201 

two reciprocal hybrids (Figure 1A). Furthermore, accumulation of these lipids is non-linear, and 202 

changes occur most abruptly at the transition between encased and emerged portions of silks 203 

(i.e., section C to D; Figure 1A), and along the emerged portions of silks (i.e., section D to E; 204 

Figure 1A). Regression of the cuticular wax concentration along the silk length reveals that a 205 

quadratic polynomial model (adjusted R2 ranging from 0.2 to 0.9), as compared to a linear model 206 

(Supplemental Table S2), better depicts the dynamics of total waxes, hydrocarbons, VLCFAs, 207 

and aldehydes, underscoring the complexity that underlies the dynamics of cuticular wax 208 

accumulation.  209 

The compositional dynamics of these chemical classes vary not only along the silk length, 210 

but also among the different genotypes. Silks from inbred B73 and hybrid B73×Mo17 211 

exhibited a decrease in the relative abundance of VLCFAs and a concomitant increase in relative 212 

abundance of hydrocarbons along the silk length (Figure 1B). In contrast, there was no change in 213 

the relative abundance of VLCFAs along this spatio-temporal gradient in the silks of Mo17×B73 214 

and there was no consistent change for Mo17 (Figure 1B). However, across this gradient, 215 

cuticular VLCFA concentrations were 1.7- to 4.7-fold higher in Mo17 and both reciprocal 216 

hybrids, as compared to the B73 inbred. The largest difference among the genotypes occurs for 217 

emerged silks (sections D and E) (Figure 1A), suggesting that in Mo17 VLCFA-CoA precursors 218 
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are preferentially converted to VLCFAs and transported to the silk surface instead of first being 219 

utilized for hydrocarbon production and then transported to the silk surface.  220 

Hydrocarbon composition, specifically the degree of unsaturation (i.e., alkenes), also varies 221 

among these genotypes. Although alkenes consistently comprise ~50% of the hydrocarbons 222 

along the silk length of Mo17 and the reciprocal hybrids, for B73 the relative abundance of 223 

alkenes increased from approximately 40% at the base to 50% of hydrocarbons at the tips of the 224 

silks (Figure 1B). Most alkenes harbor a single double bond (i.e., a monoene), which is 225 

positioned either at the 7th or 9th carbon-position, irrespective of the alkyl chain-length (Figure 226 

1B). However, additional, previously characterized (Perera et al., 2010; Dennison et al., 2019), 227 

minor monoenes were also identified with chain lengths of 29, 31, and 33 carbon chain lengths 228 

and double bonds positioned at the 14th or 15th carbon-positions. Accumulation patterns of the 7- 229 

and 9-monoenes differed between the two inbred lines (Figure 1B). Specifically, for B73, 7-230 

monoenes consistently comprised ~50% of all alkenes along the silk length, while the relative 231 

abundance of 9-monoenes increased from 33% to 42% (Figure 1B) of the alkenes from base to 232 

tip of the silks. In contrast, on Mo17 silks, the relative abundance of both the 7- and 9-monoenes 233 

did not change along the silk length, and they accounted for 64% and 20% of all alkenes, 234 

respectively (Figure 1B). Thus, although the absolute amounts (µmol/g dry weight tissue) of 235 

these alkenes increased by ~2.5-fold along the silk length (Supplemental Figure S1), the relative 236 

proportions of 7- and 9-monenes remained constant for Mo17, with the 9-monoenes being less 237 

abundant (Figure 1B). 238 

The relative impacts of genotype, silk development and silk encasement status (i.e., silk 239 

microenvironment) on the dynamics of the cuticular wax metabolome were visualized via 240 

Principal Component Analysis (PCA) of the 45 cuticular wax metabolites (Figure 1C). The 241 
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distribution of silk samples along PC1, which accounts for 31% of the total variance, is tightly 242 

associated with the position along the silk length, and mainly separates the husk-encased 243 

(sections A-C) from the emerged (sections D and E) portions of the silks. Moreover, PC1 also 244 

separates samples based upon silk development, separating section C from sections A and B 245 

within the husk-encased silks of the inbred B73 and the two hybrids, demonstrating the impact of 246 

the temporal gradient caused by cell elongation in the encased portions of the silks (Fuad-Hassan 247 

et al., 2008). PC2 accounts for 19% of the total variance, and primarily separates samples 248 

according to genotype, with inbred lines B73 and Mo17 forming subclusters, and the hybrids 249 

forming a third cluster, which is closer to Mo17 than B73 (Figure 1C).  250 

Hence, we hypothesize that the spatio-temporal gradient of the silk has a greater influence on 251 

cuticular wax accumulation than the genetic variation that was evaluated in this study. Two-way 252 

ANOVA on specific wax classes (i.e., hydrocarbon, aldehyde and alcohol) and each individual 253 

metabolite (Supplemental Table S3; Supplemental Table S4) supports this hypothesis and reveals 254 

that the position along the length of the silk is the major determinant of the observed variance in 255 

total cuticular wax accumulation (accounting for 70% of the variance). The effect of genotype 256 

and the two-way interaction between genotype and silk section explain a much smaller 257 

proportion (between 5% and 10%) of the variance in the accumulation of these components 258 

(Supplemental Table S4). In stark contrast, but in agreement with the major patterns presented in 259 

Figure 1B, the majority of the observed variance in cuticular VLCFA accumulation is explained 260 

primarily by genotype (66%), whereas the position along the length of the silk explains only 17% 261 

of this variation.  262 

Silk microenvironment is the major driver of changes in cuticular wax accumulation 263 
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The variation in the cuticular waxes along the silk length may be explained by either or both 264 

the silk developmental gradient and/or the change in the microenvironment of the silks 265 

associated with husk-encasement status. The potentially confounding determinants of silk 266 

cellular development and silk encasement status were untangled by the application of a nested 267 

ANOVA model. Silk encasement status explained 57% of the variation in total cuticular wax 268 

abundance, whereas the silk acropetal gradient (i.e., sections A versus B versus C for encased 269 

portions, and section D versus E for emerged portions) explained only 13% of the observed 270 

variance (Supplemental Table S4). One can conclude therefore, that cuticular wax accumulation, 271 

at 3-days post-silk emergence, is primarily impacted by the change in silk microenvironment, 272 

associated with emergence of the silks from the protective husk leaves. 273 

Correlations among cuticular wax metabolites along the silk length reveal genotype-274 

dependent clustering patterns 275 

Here we sought to evaluate the co-expressed metabolite networks and compare these 276 

networks among different genotypes. Spearman correlation matrices were calculated between 277 

every two detected wax metabolites along the silk length and these were used for subsequent 278 

weighted gene correlation network analysis (WGCNA) (Horvath and Langfelder, 2011). 279 

WGCNA is a method that was first developed for identifying clusters of co-expressed genes, but 280 

is also widely applied to metabolomics data (Shen et al., 2013; Bartzis et al., 2017; Rosato et al., 281 

2018).  282 

The cluster membership of many metabolites differs among the four genotypes that were 283 

evaluated (Figure 2; Supplemental Figure S2). For the inbred B73, and the reciprocal hybrids, 284 

the majority of metabolites group into a single cluster (Table 1; Figure 2A; Supplemental Figure 285 

S2) that includes hydrocarbons (HC2n-1 and HC2n) and VLCFAs. In contrast, for the inbred 286 
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Mo17, hydrocarbons and VLCFAs mostly reside in two separate clusters (Table 1; Figure 2, B 287 

and C). Frobenius vector norms were calculated from the Spearman correlation matrices to 288 

provide aggregate measures of the level of correlation among all metabolite pairs as they are 289 

modulated by the spatio-temporal silk gradient of a given genotype, as detailed in the 290 

Supplemental Methods. The Frobenius norms for silks of B73 and the reciprocal hybrids were 291 

statistically higher than for silks of Mo17 (Table 1), demonstrating that there are stronger 292 

correlations among the profiled metabolites in each of the former genotypes than Mo17. 293 

Collectively, these observed differences in correlation network topologies suggest that the 294 

dynamics of cuticular wax accumulation differ between Mo17 and B73, especially the dynamics 295 

of VLCFA accumulation.  296 

A commonality among all genotypes, however, is the lack of correlation of 16- and 18-297 

carbon FAs with the majority of the cuticular wax metabolites. Notably, these FAs are found 298 

either as singleton, non-clustered metabolites (B73, Mo17, Mo17×B73) or within a single small 299 

cluster (B73×Mo17) (Figure 2, D and E; Supplemental Figure S2), consistent with the fact that 300 

the metabolism of these shorter-chain fatty acids is distinct from the other cuticular wax 301 

metabolites, i.e., hydrocarbons and VLCFAs. For example, 18-carbon fatty acyl-CoAs serve as 302 

the initial precursors for elongation to generate VLCFAs (Bach and Faure, 2010), and as building 303 

blocks in the assembly of numerous complex lipids, including membrane glycerolipids (Sato and 304 

Awai, 2017), phospholipids (Nakamura, 2017), and sphingolipids (Michaelson et al., 2016).   305 

Identification of the signature metabolites that are primary contributors to compositional 306 

variation in the cuticular wax metabolome 307 

Signature cuticular wax metabolites (or biomarkers) were identified via multivariate Partial 308 

Least Squares-Discriminant Analysis (PLS-DA). This statistical strategy is commonly applied to 309 
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metabolite data for classification analysis and biomarker selection (Worley and Powers, 2012; 310 

Bartel et al., 2013). We used this strategy herein to identify the signature metabolites that most 311 

contribute to the variation in the cuticular wax metabolome as modulated by the change in the 312 

silk microenvironment or by the silk genotype. In this study, two supervised PLS-DA regression 313 

models were constructed, with the explanatory variables (R2X) being the concentrations of 314 

individual cuticular wax metabolites and the response variable (R2Y) being either genotype 315 

(Supplemental Figure S3, A and C) or silk section (Supplemental Figure S3, B and D). The 316 

corresponding weight plots that illustrate the contributions of each metabolite in discriminating 317 

among genotypes or silk sections are presented in Supplemental Figure S3, C and D, 318 

respectively. The metabolites that contribute the most to PLS-DA classification were identified 319 

via a variable-importance-in-projection score (VIP>1; Supplemental Table S5), which is a 320 

cumulative measure of the contribution of a given explanatory variable (i.e., metabolite) to a 321 

PLS-DA model (Pérez-Enciso and Tenenhaus, 2003).  322 

The PLS-DA classification of cuticular wax metabolome compositions relative to genotype 323 

yields two clusters of silk samples for each of the inbred lines, and a third cluster containing the 324 

samples from the two hybrids (Supplemental Figure S3A). The resulting model explained 63% 325 

and 66% of the variance in the explanatory (R2X) and response (R2Y) variables, respectively. 326 

The predictive accuracy is relatively low for this model (i.e., Q2Y = 63%), due to the inability to 327 

correctly classify the metabolite compositions between the two hybrids, B73×Mo17 and 328 

Mo17×B73, which express nearly identical cuticular wax metabolomes. However, upon 329 

combining the metabolite data from the two hybrids into a single group, the predictive accuracy 330 

of the model was improved (Q2Y = 89%) (Supplemental Figure S3E). As visualized in the PLS-331 

DA scatter plot, the signature wax metabolites (i.e., VIP scores >1) identified in the original 332 
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PLS-DA model are major contributors to sample classification, primarily differentiating B73 333 

from Mo17, and these two parental lines from the B73×Mo17 and Mo17×B73 hybrids 334 

(Supplemental Figure S3C; black circles). These signature metabolites (10 fatty acids and 5 335 

hydrocarbons) (Figure 3, A and C) are one third of the total number of detected cuticular wax 336 

metabolites but account for two thirds of the observed variance in the response variable (i.e., 337 

genotype).  338 

The PLS-DA classification model of metabolome compositions relative to the spatio-339 

temporal silk gradient yields one cluster that is specific to husk-encased sections A and B, and 340 

three individual clusters specific to silk sections C, D, and E (R2X=55%, R2Y=31%, Q2Y =28%; 341 

Supplemental Figure S3B). A PLS-DA model that distinguishes silk sections based on husk-342 

encasement status improves the predictive accuracy (Q2Y) from 28% to 79% (Supplemental 343 

Figure S3F), demonstrating the importance of the silk microenvironment in shaping the cuticular 344 

wax metabolome. Moreover, the PLS-DA model that classifies the metabolomes by silk sections 345 

identified 21 signature metabolites (8 fatty acids, 2 aldehydes and 11 hydrocarbons) 346 

(Supplemental Figure S3D, black circles), each of which exhibited statistically significant 347 

differences in patterns of accumulation among the silk sections (Figure 3, B and C). In 348 

combination, these signature metabolites account for 75% of the variance observed among the 349 

silk sections. Notably, six metabolites (4 saturated fatty acids, 1 unsaturated fatty acid, and 1 350 

alkane) were selected as signature metabolites that contribute to the variation observed both 351 

across different genotypes and different silk sections (Figure 3B). Collectively, these quantitative 352 

statistical analyses demonstrate the importance of both the silk microenvironment and the silk 353 

genotype to determining the cuticular wax composition, and further identify that the 354 
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accumulation of many cuticular waxes, especially the VLCFAs and hydrocarbons, are 355 

differentially influenced by these two factors. 356 

The signature metabolites include six pairs of saturated or unsaturated hydrocarbons and fatty 357 

acids (i.e., either HC(2n-1):0 and FA2n:0, or HC(2n-1):1 and FA2n:1 metabolites) that are derived from 358 

the same VLCFA-CoA precursor. There is a striking difference in the accumulation of these 359 

cuticular VLCFAs as compared to the hydrocarbons in the two inbreds. Namely, compared to 360 

B73 silks, the cuticular VLCFAs of 22 to 26 carbons are 2- to 13-fold more abundant in Mo17, 361 

whereas the metabolically related hydrocarbons (i.e., of 21 to 25 carbons) are 2- to 13-fold less 362 

abundant in Mo17 (Supplemental Figure S4). These distinct accumulation patterns of cuticular 363 

hydrocarbons and VLCFAs reveal a difference in the cuticular wax-producing network between 364 

the two inbreds, likely caused by preferential allocation of VLCFA-CoA precursors to either 365 

decarbonylation (generating hydrocarbons) or hydrolysis (generating VLCFAs). 366 

Metabolic partitioning of VLCFA-CoA precursors determined from the concentrations of 367 

VLCFA-CoAs, total free VLCFAs, and complex lipid-associated VLCFAs  368 

The VLCFA-CoAs that contribute to the assembly of the silk cuticular waxes are products of 369 

the endoplasmic reticulum-associated fatty acid elongase (Yeats and Rose, 2013). But these 370 

VLCFA-CoAs can also be converted to free VLCFAs or can be utilized to assemble other 371 

complex lipids, e.g., phospholipids, neutral lipids and sphingolipids. Therefore, to address this 372 

metabolic partitioning of the VLCFA-CoAs, we extracted and analyzed total silk lipids (Figure 373 

4, B and C) in parallel with the preparation of cuticular wax extracts from silks of B73 and Mo17 374 

inbreds (Figure 4A). These lipids were profiled by liquid chromatography-mass spectrometry 375 

(LC-MS), which identified the occurrence of free VLCFAs and VLCFAs that were associated 376 

with complex lipids. The free VLCFAs quantified in these analyses combined both cellular and 377 



 17 

cuticular VLCFA pools.  These total free VLCFAs were of 20- to 34-carbon chain lengths 378 

(Supplemental Table S6).  The VLCFA-containing lipids were predominantly associated with the 379 

sphingolipids, specifically three glucosylceramide (GlcCer) species that contain FA22:0, FA24:0, or 380 

FA26:0 (Supplemental Table S6). Although VLCFAs were also detected as associated with 381 

phosphatidylcholine and triacylglycerol, these VLCFAs were in trace amounts, and therefore 382 

ignored.   383 

Next, we sought to explore the relationship between different VLCFA pools and cuticular 384 

VLCFAs. The total free VLCFAs increased in abundance from the base to the tip of the silks 385 

(Figure 4). This increase correlated with the cuticular VLCFAs on silks of both B73 (Pearson 386 

correlation coefficients, 0.65 to 0.92) and Mo17 (0.87 to 0.94). In contrast, no such correlation 387 

was observed with the GlcCer-associated VLCFAs for either genotype (Supplemental Table S7).  388 

Because VLCFA-CoAs are the substrates for cuticular wax biosynthesis, we also profiled 389 

these fatty acyl-CoA pools in two sections of the silks, the husk-encased (i.e., represented by 390 

sections A – C, Figure 1A) and the emerged silks (i.e., represented by sections D and E, Figure 391 

1A) of B73 and Mo17 plants. Fatty acyl-CoAs of 16- and 18-chain lengths comprised 80-90% of 392 

the acyl-CoA pools, and these were more abundant in Mo17 silks, particularly in the emerged 393 

portions of the silks (Supplemental Figure S5 and Supplemental Table S8). These analyses 394 

quantify VLCFA-CoAs of up to 34-carbon chain length (Supplemental Figure S5 ), including the 395 

chain lengths that are precursors of the cuticular wax metabolites (i.e., 20 to 28 carbons) (Figure 396 

4D). The spatio-temporal accumulation of individual VLCFA-CoAs along the silk length are not 397 

statistically correlated with the corresponding cuticular wax products (Supplemental Table S9). 398 

On the other hand, VLCFA-CoA accumulation differs between inbreds. In the husk-encased silk 399 

sections, the 20- to 28-carbon VLCFA-CoAs accumulated at 16- to 68-fold higher levels in 400 
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Mo17 than B73, and in the emerged sections of silks these VLCFA-CoAs were between 8- to 44-401 

fold higher in Mo17 (Figure 4D). This genotypic difference in VLCFA-CoA accumulation is 402 

also observed for cuticular VLCFAs.  403 

Cuticular hydrocarbon:VLCFA ratios vary among genotypes and across acyl chain lengths  404 

Three sets of analyses were conducted to assess the metabolic commitment of VLCFA-CoA 405 

precursors to the cuticular wax-producing network. First, we examined the ratios between 406 

hydrocarbons (HC2n-1:0) and the corresponding cuticular VLCFAs (FA2n:0), both of which are 407 

derived from the same precursors (FA2n:0-CoA).  Second, we sought to unravel the product-408 

precursor relationship within the cuticular wax-producing network by studying the associations 409 

between FA2n:0-CoA concentrations and the cuticular wax hydrocarbon:VLCFA ratios (i.e., 410 

HC2n-1:0:FA2n:0). Finally, this interrogation was further expanded by integrating the associations 411 

of the HC2n-1:0:FA2n:0 ratios with the other two VLCFA pools (total free VLCFAs, and GlcCer-412 

associated VLCFAs), which are also derived from VLCFA-CoAs. 413 

Among the factors that were considered in this study, the cuticular HC2n-1:0:FA2n:0 ratios were 414 

most influenced by the carbon chain lengths of these metabolites. In the four genotypes 415 

examined, the saturated cuticular VLCFA (FA2n:0) of each HC2n-1:0:FA2n:0 pair decreased in 416 

abundance with increasing carbon chain length, concomitant with an increase in the 417 

corresponding alkane product (HC2n-1:0) (Figure 5 and Supplemental Figure S6). Indeed, 418 

regression analysis of the HC2n-1:0:FA2n:0 ratio confirms a linear increase in the value of this ratio 419 

as the chain length increases from 22 to 28 carbon atoms (p-values <0.0001, R2≥0.79; Figure 5; 420 

Supplemental Figure S5), and this is independent of silk husk-encasement status or genotype. In 421 

addition, the abundance of VLCFA-CoA precursors, total free VLCFAs and GlcCer-associated 422 

VLCFAs decrease with increasing acyl chain length (Figure 4 and Supplemental Table S6). 423 
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Specifically, with increasing acyl chain length, regardless of the genotype or silk micro-424 

environment, VLCFA-CoA precursors (FA2n:0-CoA) are negatively correlated with the 425 

corresponding HC2n-1:0:FA2n:0 ratio (correlation coefficients < -0.8), negatively correlated with 426 

HC2n-1:0 (correlation coefficients < -0.6), and positively correlated with cuticular FA2n:0 427 

(correlation coefficients > 0.7) (Supplemental Table S9). These findings suggest that VLCFA-428 

CoAs of longer acyl chain lengths are increasingly recruited for hydrocarbon biosynthesis, 429 

instead of being converted to free VLCFAs and subsequently deposited in the cuticle. 430 

Because cuticular wax production is indirectly associated with total free VLCFAs and with 431 

GlcCer-associated VLCFAs, a more rigorous statistical approach, Bayesian model selection, was 432 

employed to evaluate the impact (or lack thereof) of these two VLCFA pools on the cuticular 433 

HC2n-1:0:FA2n:0 ratio. Specifically, while keeping metabolite chain length (2n) in the baseline 434 

model, our goal was to establish the relative importance of the other variables on the HC2n-435 

1:0:FA2n:0 ratio (i.e., total free VLCFAs, GlcCer-associated VLCFAs, genotype, husk-encasement 436 

status, and the macroenvironment). The construction of Bayesian regression models and the 437 

methods of their comparisons are detailed in Supplementary Methods. Because we did not have a 438 

single dataset that integrates the factors of both VLCFA pools and the macroenvironments (i.e., 439 

2014 and 2015 growing years), we performed two Bayesian Model Comparisons, examining the 440 

impact of the VLCFAs pools on the HC2n-1:0:FA2n:0 ratio (i.e., VLCFA model selection) or the 441 

impact of the difference in the macroenvironment on this ratio (i.e., Macroenvironment model 442 

selection).  443 

To assess the impact of total free VLCFAs and GlcCer-associated VLCFAs on the HC2n-444 

1:0:FA2n:0 ratios, we considered three Bayesian regression models: VLCFA model 1, which 445 

includes total free VLCFAs; VLCFA model 2, which includes GlcCer-associated VLCFAs; and 446 
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VLCFA model 3, which includes both total free and GlcCer-associated VLCFAs (Table 2). The 447 

predictor variables included in each model were selected by preliminary Bayesian Model 448 

Comparison (see Supplemental Methods; Supplemental Tables S10, S11 and S12) from the 449 

variables: genotype, husk-encasement status, and metabolite chain length, as well as those 450 

associated with two-way and three-way interaction terms among these predictor variables. 451 

Subsequently, a second round of Bayesian Model Comparison was performed to compare a 452 

model without VLCFA variables (Baseline Model) to VLCFA models 1, 2, and 3. The resultant 453 

Bayes factors demonstrate a substantial increase in the ability of each VLCFA model to explain 454 

patterns of HC2n-1:0:FA2n:0 ratios when incorporating either or both VLCFA pools (Table 2). 455 

These findings demonstrate that the allocation of VLCFA-CoAs to biological processes different 456 

from cuticular wax production strongly impact cuticular HC2n-1:0:FA2n:0 ratios. 457 

Finally, using combined data collected from the two growing years, we queried the effect of 458 

the macroenvironment on HC2n-1:0:FA2n:0 ratios in the context of the different genotypes and silk 459 

encasement status (Table 3, Macroenvironment model selection). Because the VLCFA pools 460 

were not measured in the first growing year, total free VLCFAs, GlcCer-associated VLCFAs and 461 

the related interaction terms were not included in this modeling effort. The genotype factor 462 

exhibited the strongest impact on hydrocarbon:VLCFA ratios in the combined dataset (Bayes 463 

factor = 1.01´10110, Table 3, Macroenvironment model selection). Change in the 464 

macroenvironment (Bayes factor= 2.35´1033) and microenvironment (Bayes factor= 7.76´1028) 465 

also impacted the HC2n-1:0:FA2n:0 ratios, although to a lesser extent. Similarly, these quantitative 466 

modeling analyses indicate that the two-way interactions between genotype and 467 

microenvironment, and between genotype and macroenvironment also play a role in determining 468 

the HC2n-1:0:FA2n:0 ratio dynamics along the silk length (Table 3). In contrast, the interaction 469 
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between the micro- and macroenvironments do not. Collectively, these analyses quantitatively 470 

illustrate the complexity of factors that influence the relationships between precursors, 471 

intermediates and products of a complex metabolic process, such as cuticular wax biosynthesis. 472 

The quantitative relationships defined by this study involve commitment of VLCFA-CoA 473 

precursors among multiple competing metabolic branches of the cuticular wax-producing 474 

network that are represented by the steady state levels of cuticular hydrocarbons, cuticular 475 

VLCFAs, total free VLCFAs, and GlcCer-associated VLCFAs. Our analyses indicate that with 476 

increasing acyl chain length, the hydrocarbon-producing pathway is prioritized over the other 477 

competing branches. 478 

 479 

DISCUSSION 480 

Maize silks as a unique system to study the dynamics of the cuticular wax-producing 481 

network  482 

In this study we utilized cuticular wax profiling data gathered along the length of maize silks 483 

from different genetic backgrounds to deduce and quantitatively compare the dynamics of the 484 

metabolic network that supports cuticular hydrocarbon accumulation. We investigated the 485 

cuticular wax metabolomes of the maize B73 and Mo17 inbred lines, and the corresponding 486 

reciprocal hybrids. Genotypic variation of cuticular wax compositions occur primarily between 487 

the two inbred parents (i.e., B73 versus Mo17) and between the inbred parents and the hybrids, 488 

but not between the reciprocal hybrids, B73×Mo17 and Mo17×B73. While some plant molecular 489 

phenotypes (e.g., chloroplast thylakoid lipid composition and localization (Dueñas et al., 2017) 490 

and gene expression profiles (Gonzalo et al., 2007; Swanson-Wagner et al., 2009) can 491 

differentiate between these reciprocal hybrids, such distinctions are less pronounced than the 492 
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differences that occur between the parental inbred lines (Paschold et al., 2012; Baldauf et al., 493 

2016; Marcon et al., 2017). The remainder of the discussion is therefore focused on the cuticular 494 

wax metabolomes and the apparent variation in the underlying hydrocarbon-producing pathway 495 

between the two inbred parents. 496 

Maize silks provide a unique platform for assessing the dynamics of cuticular wax 497 

production, in the absence of complex metabolic flux analysis approaches. With few exceptions, 498 

the vast majority of characterizations of the cuticular wax biosynthesis pathway have been 499 

conducted from single time-point comparisons of metabolomes profiled from different genetic 500 

backgrounds (Bianchi et al., 1979; Koornneef et al., 1989; Hannoufa et al., 1993; Jenks et al., 501 

1996; Post-Beittenmiller, 1996; Perera et al., 2010; Xue et al., 2017; Trivedi et al., 2019). In 502 

contrast, in this study cuticular wax profiling captures differences in surface metabolite 503 

accumulation of presumed precursors, intermediates, and products of the pathway along a spatio-504 

temporal gradient that includes the developmental progression of silks (Fuad-Hassan et al., 505 

2008), and the transition in microenvironment as portions of the silks changed encasement status 506 

from husk-encased to husk-emerged in two separate macroenvironments. Similar spatio-temporal 507 

studies have identified metabolic shifts in primary, secondary, and lipid metabolism along the 508 

developmental gradient that integrates cell division and cell expansion in Arabidopsis 509 

(Arabidopsis thaliana), wheat (Triticum aestivum) and maize (Pick et al., 2011; Allwood et al., 510 

2015; Busta et al., 2017; Zhou et al., 2019; Bourgault et al., 2020).  511 

The silk microenvironment significantly impacts the cuticular wax metabolome and the 512 

hydrocarbon-producing pathway 513 

Emergence of the silks from the encasing husk-leaves has previously been shown to induce 514 

increased accumulation of cuticular hydrocarbons in different maize genotypes (Yang et al., 515 
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1992; Miller et al., 2003; Perera et al., 2010; Loneman et al., 2017; Dennison et al., 2019). 516 

However, in each of these prior studies that compared the cuticular wax metabolome between 517 

husk-encased and emerged portions of silks, the change in microenvironment (i.e., silk 518 

encasement status) was overlaid with a confounding developmental gradient, particularly that of 519 

an acropetal decrease in cellular elongation within the husk-encased silks and cessation of 520 

elongation within emerged silks at the time of tissue sampling (Fuad-Hassan et al., 2008). This 521 

study shows that the change in microenvironment per se drives the observed change in cuticular 522 

wax composition, as well as the ratios between cuticular hydrocarbons and corresponding 523 

cuticular VLCFAs. A recent transcriptomic atlas for maize silks has identified this 524 

microenvironmental change induces differential gene expression for many genes involved in 525 

cuticular wax biosynthesis, especially for VLCFA metabolic processes, and more broadly for 526 

genes involved in responding to biotic and abiotic stresses (McNinch et al., 2020). The increase 527 

in cuticular hydrocarbon accumulation that is observed in emerged silks of B73, the B73×Mo17 528 

and Mo17×B73 hybrids and, to a lesser extent, Mo17, may provide protection against drought, 529 

similar, for example, to the observed increase in alkane accumulation upon drought stress that 530 

occurs in soybean (Glycine max) and sesame (Sesamum indicum) (Kim et al., 2007a; Kim et al., 531 

2007b). These differences in cuticular wax composition may also be caused by additional 532 

environmental cues imposed upon husk-encased versus emerged silks (e.g., light, oxygen 533 

concentration, and other biotic and abiotic factors) as occurs in other plant organs (Lewandowska 534 

et al., 2020). For example, a number of prior studies have indicated that increased light exposure 535 

(von Wettstein-Knowles et al., 1980; Jenks et al., 1994; Rhee et al., 1998) or enhanced UV-B 536 

radiation (Tafolla-Arellano et al., 2018) alters cuticular wax composition, especially for alkane 537 

constituents (Steinmfiller and Tevini, 1985; Tevini and Steinmüller, 1987; Gordon et al., 1998). 538 
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Indeed, recent studies have demonstrated that phytochrome-mediated light signaling regulates 539 

cuticle deposition in maize leaves (Qiao et al., 2020a; Qiang et al., 2020b).  540 

Supervised and unsupervised multivariate analyses identified key factors that impact the 541 

cuticular wax-producing network 542 

In metabolomic studies, correlation networks are often used to identify metabolites that are 543 

co-regulated in response to perturbations caused by disease, chemical and other environmental 544 

treatments, or genetic modifications (DiLeo et al., 2011; Fukushima et al., 2011; Papazian et al., 545 

2016; Angelovici et al., 2017; Desmet et al., 2021). Such correlation networks have been 546 

constructed from non-targeted metabolomics data gathered from different maize inbred lines, 547 

which capitulate pathways of primary metabolism in leaves (Toubiana et al., 2016; Zhou et al., 548 

2019) and kernels (Rao et al., 2014). However, the correlative relationships of metabolites within 549 

targeted metabolomes are more complex, as queried metabolites are often from highly related 550 

pathways, and therefore the accumulation patterns of most metabolites are inherently correlated. 551 

Even so, such correlation networks have successfully described changes in metabolic states due 552 

to changes in development-, genotype-, or stress-specific impacts (Steuer, 2006; Sawada et al., 553 

2009; Warth et al., 2015; Li et al., 2016; French et al., 2018). In our correlation analyses of 554 

metabolites involved in the cuticular wax-producing network, hydrocarbon products (HC2n-1) and 555 

the metabolically related cuticular VLCFAs (FA2n), separated into different clusters within the 556 

correlation network in Mo17, whereas these metabolites are highly correlated in B73. The two 557 

major branches of the cuticular wax-producing network, i.e., the hydrocarbon-producing and the 558 

cuticular VLCFA-producing sub-pathways, compete for VLCFA-CoA precursors. Our findings 559 

demonstrate that interactions between these two branches are determined by the genetic 560 

background. 561 
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The combination of metabolite profiling and subsequent statistical analyses allows for the 562 

identification of signature metabolite biomarkers that represent changes in metabolic status 563 

induced by genetic or environmental perturbations or by tissue development (Fernandez et al., 564 

2016; Hong et al., 2016). For example, metabolite biomarkers have successfully uncovered 565 

variations within complex pathways among different oat (Avena sativa) cultivars (Pretorius et al., 566 

2021), or in response to developmental or environmental stimuli in Arabidopsis (Sulpice et al., 567 

2009), rice (Oryza sativa) (Tarpley et al., 2005), maize (Obata et al., 2015; Luo et al., 2019), 568 

Brassica nigra (Papazian et al., 2016) and wheat (Kang et al., 2019). Herein, we identified 30 569 

cuticular wax-derived signature metabolites that include six pairs of hydrocarbons and the 570 

metabolically related cuticular VLCFAs. The accumulation patterns of these signature 571 

metabolites along the silk length demonstrates that the cuticular wax-producing network is 572 

enhanced along the spatio-temporal developmental gradient of the silks, especially at the 573 

transition of the microenvironment as silks emerge from husk-encasement. Furthermore, similar 574 

to the findings from correlation network analysis, a comparison of the concentrations of the 575 

signature hydrocarbon-VLCFA pairs between B73 and Mo17 demonstrate substantial genetic 576 

difference in the relationship between the VLCFA-CoA precursor and the corresponding 577 

cuticular wax product, i.e., cuticular hydrocarbon or cuticular VLCFA. Thus, these combined 578 

supervised and unsupervised multivariate analyses of metabolomics data not only provide critical 579 

insights into the factors that impact cuticular wax accumulation and composition, but also allow 580 

us to probe the relationships among the individual metabolite conversions within the cuticular 581 

wax-producing network. 582 

Factors impacting the product-precursor relationship of the cuticular wax-producing 583 

network 584 
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Unlike the hydrocarbon end-products of the cuticular wax biosynthesis pathway that only 585 

accumulate extracellularly on the silk surface (Perera et al., 2010; Loneman et al., 2017), 586 

VLCFAs accumulate both on the silk surface as the free VLCFA components of the cuticular 587 

waxes, and intracellularly as precursor VLCFA-CoAs, free VLCFAs (possibly carried by lipid 588 

transfer proteins) (Lerche and Poulsen, 1998; Carvalho and Gomes, 2007; Deeken et al., 2016)  589 

or associated with complex lipids, e.g., discrete glycerolipids (Michaelson et al., 2016) and 590 

sphingolipids (Lynch and Dunn, 2004). In this study, the complex-lipid associated VLCFAs 591 

were recovered as components of three specific cellular GlcCer species harboring a single 592 

hydroxylated C22-, C24- or C26-VLCFA moiety, and as trace amounts of triacylglycerol.  Here 593 

we show that the concentrations of individual VLCFAs that accumulate on the silk surface are 594 

highly correlated with the concentrations of corresponding total free VLCFAs.  595 

Although VLCFA-CoAs are the precursors for fatty acid-derived cuticular wax metabolites 596 

(Yeats and Rose, 2013), the relationship between cellular VLCFA-CoA pools and cuticular wax 597 

abundance has scarcely been studied, possibly due to the technical challenges associated with 598 

identifying and quantifying VLCFA-CoAs even at acyl chain lengths of up to 22 carbon atoms 599 

(Reina-Pinto et al., 2009). In the current study, VLCFA-CoAs up to an acyl chain length of 34 600 

carbon atoms were quantified, allowing us to dissect the relationship between VLCFA-CoA 601 

precursors and the corresponding cuticular wax products and consider the dynamics of product- 602 

precursor relationships.  603 

Product-precursor relationships within the cuticular wax-producing network have previously 604 

been inferred from cuticular wax profiles of several systems. These include the relationship 605 

between VLCFAs (as presumed precursors) versus alkanes (Busta et al., 2017), alcohols versus 606 

wax esters (Lai et al., 2007; Wen and Jetter, 2009), and among alkanes, secondary alcohols, and 607 
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ketones (Wen and Jetter, 2009) in Arabidopsis. In the grasses, product-precursor relationships 608 

have been determined between primary and secondary diols and esters in the wheat cuticle 609 

(Racovita and Jetter, 2016), and between unsaturated aldehydes and alkenes of the maize cuticle 610 

(Perera et al., 2010). In each case, the accumulation of the precursor metabolites within the 611 

cuticle was incorporated into the analysis as proxies of the intracellular precursors, and thereby 612 

demonstrating product-precursor relationships amongst these metabolites. We evaluated the 613 

product-precursor relationship by querying the association between cuticular wax products and 614 

the corresponding cellular VLCFA-CoA precursors, as well as between cuticular waxes and the 615 

other VLCFA-containing product pools that are also derived from VLCFA-CoA. Because the 616 

cuticular wax-producing network in maize silks predominantly consists of two branches that 617 

separately produce hydrocarbons and cuticular VLCFAs, the product-precursor relationships 618 

within this network are greatly simplified as compared to other plants or plant organs that also 619 

accumulate cuticular alcohols, ketones, and wax esters (Lai et al., 2007; Wen and Jetter, 2009; 620 

Racovita and Jetter, 2016; Busta et al., 2017). 621 

Here we collected different VLCFA pools as well as cuticular wax metabolomes to 622 

characterize the possible metabolic fates of VLCFA-CoA in maize silks, including (1) fatty acid 623 

elongation that generates longer chain VLCFA-CoA precursors; (2) hydrolysis by acyl-CoA 624 

thioesterases to generate a cellular pool of free VLCFAs; (3) sequential hydrolysis and transport 625 

for deposition as cuticular VLCFAs; (4) sequential reduction-decarbonylation reactions that 626 

generate hydrocarbons (Lewandowska et al., 2020); (5) assembled into complex lipids to become 627 

complex lipid-associated VLCFAs; and (6) b-oxidation that produces shorter-chain VLCFA-628 

CoAs and acetyl-CoA. Although the VLCFA-CoA levels show minor differences between the 629 

husk-encased and emerged silk sections, both cuticular VLCFAs and total free VLCFAs increase 630 
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in accumulation along the silk length. Thus, VLCFA biosynthesis is likely promoted from the 631 

base to the tip of the silks, resulting in increased cuticular wax load (both as VLCFAs and 632 

hydrocarbons). Similar associations between fatty acid elongation processes and cuticular wax 633 

accumulation along the developmental gradient of the leaves have been observed in Arabidopsis 634 

(Busta et al., 2017) and leek (Allium porrum) (Rhee et al., 1998).  635 

We further dissected the allocation of VLCFA-CoA precursors between different branches of 636 

the cuticular wax-producing network by comparing the abundances of cuticular alkanes (HC2n-637 

1:0) and cuticular VLCFAs (FA2n:0). The Bayesian approach that was employed for this dissection 638 

has been previously used to predict protein trafficking routes (Paultre et al., 2016), to elucidate 639 

genomic and environmental controls over plant phenotypes (Allard et al., 2016; Di Guardo et al., 640 

2017; Montesinos-López et al., 2017; Wang et al., 2019), and to assess gene-to-metabolome 641 

associations (Marttinen et al., 2014).  642 

In this study, the Bayesian model testing identified factors that significantly impact the 643 

VLCFA-CoA allocation, including the genetic background, the husk encasement status of the 644 

silks, the acyl chain length of VLCFA-CoAs, and the allocation of VLCFA-CoAs to metabolic 645 

processes that are distinct from cuticle deposition. For example, the ratios between cuticular 646 

hydrocarbons (HC2n-1) and cuticular VLCFAs (FA2n) are lower in Mo17 than B73, whereas the 647 

corresponding VLCFA-CoA precursor pools as well as GlcCer-associated VLCFAs are 648 

substantially larger in Mo17 than B73. These findings collectively suggest that the hydrocarbon-649 

producing pathway is less active in Mo17 than B73, possibly due to the competition for VLCFA-650 

CoAs by other pathways that are more active in Mo17 (e.g., GlcCer biosynthesis). Statistical 651 

assessment of the HC2n-1:0:FA2n:0 ratios further demonstrate that environmental cues differentially 652 

impact the cuticular wax-producing network between Mo17 and B73. These different modulators 653 
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that impact VLCFA-CoA allocation between cuticular HC2n-1 and cuticular FA2n can be further 654 

explored either by transgenic strategies to evaluate individual genes that may impact product-655 

precursor relationships, or by studying different maize inbred lines to evaluate the impact of 656 

different combinations of alleles on product–precursor relationships.  657 

A key observation made in this study is that regardless of the genetic background or silk 658 

micro-environment, the cuticular HC2n-1:0:FA2n:0 ratio increases and the three VLCFA pools 659 

(VLCFA-CoA precursors, total free VLCFAs, and GlcCer-associated VLCFAs) decrease in 660 

abundance with increasing acyl chain length. These findings indicate that VLCFA-CoAs, which 661 

are common precursors for many biological processes, are preferentially utilized to produce 662 

longer-chain hydrocarbons via parallel reduction-decarbonylation reactions. There are several 663 

potential mechanisms that could generate this acyl chain length-dependent change in the HC2n-664 

1:0:FA2n:0 ratio. Specifically in the hydrocarbon-producing pathway, these mechanisms include 665 

variations in the substrate preference of 1) the VLCFA-CoA elongation system; 2) the reductase 666 

that converts VLCFA-CoAs to aldehydes; and/or 3) the decarbonylase that converts aldehydes to 667 

hydrocarbons. Indeed, chain length preference has been identified for several of the 26 maize 3-668 

ketoacyl-CoA synthetases (KCSs) responsible for the condensation reaction of the fatty acid 669 

elongase system that generates VLCFAs (Campbell et al., 2019; Stenback et al., 2022). Different 670 

substrate preferences have been described among Arabidopsis KCS isozymes (Millar and Kunst, 671 

1997; Fiebig et al., 2000; Blacklock and Jaworski, 2006; Joubès et al., 2008; Kim et al., 2013; 672 

Hegebarth et al., 2016; Hegebarth et al., 2017; Huang et al., 2023; Luzarowska et al., 2023). 673 

Downstream of the fatty acid elongase system, within the decarbonylative hydrocarbon-forming 674 

pathway, Arabidopsis ECERIFERUM1 (CER1) and CER1-LIKE1 proteins each form unique 675 

reductase-decarbonylase complexes with CER3 and cytochrome b5, which sequentially convert 676 
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VLCFA-CoAs to aldehydes and alkanes of different chain lengths (Pascal et al., 2019). These 677 

potential mechanisms for altering HC2n-1:0:FA2n:0 ratios can be tested via heterologous expression 678 

of candidate genes within recently engineered yeast systems expressing the maize or Arabidopsis 679 

fatty acid elongase complexes (Haslam et al., 2012; Haslam et al., 2015; Campbell et al., 2019; 680 

Stenback et al., 2022; Batsale et al., 2023).  681 

 682 
CONCLUSIONS 683 

In this study we demonstrate that the combination of spatio-temporal profiling and multivariate 684 

analyses is an effective approach for assessing and comparing metabolic networks that are 685 

differentially impacted by developmental and environmental perturbations among different 686 

genotypes. The study depicts the product-precursor relationship for the cuticular wax-producing 687 

network on maize silks through a comprehensive analysis of cuticular wax metabolites, VLCFA-688 

CoA precursor pools, total free VLCFAs, and GlcCer-associated VLCFAs. The compositional 689 

dynamics of the cuticular wax metabolome were most impacted by a change in the silk 690 

microenvironment and genotype, with minor impact due to the developmental trajectory of the 691 

tissue at the time of sampling. These product-precursor relationships are complex and dependent 692 

upon the precursor acyl chain length, such that longer chain VLCFA-CoAs are preferentially 693 

allocated to hydrocarbon biosynthesis. These findings provide a foundation for dissecting the 694 

underlying mechanisms of cuticular hydrocarbon-producing networks in response to changes in 695 

microenvironment, ultimately leading to a genotype-metabolite-phenotype understanding of a 696 

molecular structure that provides a protective capability to plant surfaces (Yandeau-Nelson et al., 697 

2015). 698 

 699 

 700 
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MATERIALS AND METHODS 701 

Nomenclature 702 

Cuticular wax metabolites are represented using a n:y(z) notation, where n represents the 703 

number of carbon atoms, y the number of double bonds, and z the positions of the double bonds 704 

in the alkyl chain (Howard and Lord, 2003). This study reports three classes of cuticular waxes; 705 

very long-chain fatty acids (VLCFAs) that are saturated (FAn:0) or unsaturated (FAn:y(z)), 706 

saturated aldehydes (Aldn:0), and hydrocarbons (HCs), which include saturated alkanes (HCn:0), 707 

and two classes of alkenes: monoenes (HCn:1(z)), and dienes (HCn:2(z1, z2)). The saturated cellular 708 

VLCFA-CoAs are annotated as FAn:0-CoA. 709 

Plant growth, sample collection and processing 710 

Maize (Zea mays) inbred lines B73 and Mo17 and their reciprocal hybrids, B73×Mo17 and 711 

Mo17×B73 were grown to maturity at the Iowa State University Agronomy Research Farm 712 

(Boone, IA) during the 2014 and 2015 growing years using standard cultivation practices and no 713 

supplemental irrigation. Developing ear shoots were covered prior to silking to prevent 714 

pollination. Ears were harvested three days after silks had emerged from encasing husk leaves, at 715 

a point at which half of the plants in a row were silking (i.e., the mid-silk cohort). Ears were 716 

harvested between 11am and 1pm each day and were transported to the laboratory at ambient 717 

temperature using insulated chests. The number of biological replicates sampled per genotype 718 

were 8 and 12 in the 2014 and 2015 growing years, respectively. Each biological replicate 719 

consisted of silks from two ears of similar size and appearance collected from two separate 720 

plants and harvested on the same day. Silk samples were prepared as described in McNinch et al. 721 

(2020). For each biosample, one sub-sample was flash-frozen in liquid nitrogen and reserved for 722 

subsequent total VLCFA profiling and the second sub-sample was immediately subjected to 723 
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cuticular wax extraction. A random selection of four biological replicates collected in the 2015 724 

growing year were subjected to total cellular lipid analysis. 725 

Cuticular wax and cellular lipid extraction and derivatization 726 

Cuticular waxes were extracted from fresh silks by immersion for 4 min in 9:1 hexanes: 727 

diethyl ether supplemented with the internal standards eicosane (1µg/ml), nonadecanoic acid 728 

(1µg/ml) and heptadecanol (1µg/ml), as previously described (Loneman et al., 2017). Extracts 729 

were concentrated under a stream of N2 gas in a N-EVAP nitrogen evaporator (Organomation 730 

Associates, Inc., MA). Extracts were chemically derivatized via transmethylation followed by 731 

silylation, as previously described (Loneman et al., 2017). For total lipid analyses, intra- and 732 

extracellular lipids were extracted as previously described (Okazaki et al., 2015) from 5-8 mg of 733 

lyophilized silk tissue that had been pulverized to a fine powder using a Mixer Mill 301 (Retsch 734 

GmbH, Germany).  735 

VLCFA-CoAs were extracted from B73 and Mo17 silks, each inbred represented by three 736 

biological replicates, using methods adapted from Sun et al. (2006), and all extraction solvents 737 

were LC-MS grade (Fisher Scientific, Waltham, MA). Per sample, approximately 300 mg of 738 

flash-frozen silk tissue was pulverized with a pre-chilled mortar and pestle, and transferred and 739 

weighed into 2 mL microcentrifuge tubes kept on dry ice until extraction. Weighed samples were 740 

spiked with 100 ng of the internal standard, 25:0 Coenzyme A (10 ng/μL pentacosanoyl 741 

Coenzyme A ammonium salt, in 1:1:2 1mM acetic acid/isopropanol/acetonitrile) (Avanti Polar 742 

Lipids, Birmingham, AL). The extractions were initiated with 425µL of freshly made 100 mM 743 

potassium phosphate monobasic buffer solution (pH 4.9) followed by the addition of 425 µL 744 

isopropanol. Samples were then vortexed for 1 min and placed into an ice-cold sonication water 745 

bath for 5 min. The samples were vortexed again for 1 min before the addition of 850 µL 746 
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acetonitrile and a further 5 min of vortexing to finish the extraction. The extracted samples were 747 

centrifuged for 7 min at 16,000 x g and supernatants were transferred to new microcentrifuge 748 

tubes and dried in a speed-vac concentrator. The dried extracts were then resuspended in 200 μL 749 

of 4:1 isopropanol/1 mM acetic acid before being centrifuged 7 min at 16,000 x g to remove 750 

insoluble sample components and potassium phosphate. The resulting supernatants were filtered 751 

with 0.2 micron centrifugal filters (Cat. No. UFC30LG25, Millipore Sigma, Burlington, MA) 752 

and subjected to LC-MS/MS analysis. 753 

Chromatography-mass spectrometric analyses 754 

Gas chromatography of cuticular wax extracts was performed with an HP-5MS cross-linked 755 

(5%) diphenyl (95%) dimethyl polysiloxane column (30 m in length; 0.25 mm inner diameter) 756 

using helium as the carrier gas, and an Agilent Technologies series 6890 gas chromatograph, 757 

equipped with a model 5973 mass detector (Agilent Technologies, Santa Clara, CA). Extracts 758 

were introduced to the gas chromatograph via splitless injection of a 2 μl sample and the oven 759 

temperature program was as listed for samples that were both transmethylated and silylated 760 

(Loneman et al., 2017). Quantification analysis was performed using the AMDIS software 761 

package (Stein, 1999) with assistance from the NIST Mass Spectral library 762 

(http://webbook.nist.gov/chemistry/) for compound identification. Double bond positions within 763 

unsaturated hydrocarbon constituents (alkenes) were previously identified via analysis of 764 

dimethyl-disulfide (DMDS) adducts, as described and reported in Dennison et al. (2019) and 765 

were identified in this study based on peak elution patterns.   766 

Total lipid extracts were analyzed via liquid chromatography quadrupole time-of-flight mass 767 

spectrometry on a Waters Xevo G2 Q-TOF MS combined with a Waters ACQUITY UPLC 768 

system in both positive and negative ion modes, as previously described (Kimbara et al., 2013). 769 
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LC-MS data were recorded using MassLynx4.1 software (Waters) and processed using 770 

MarkerLynx XS software (Waters). The data matrices were queried against an in-house lipid 771 

library (RIKEN, Japan). For data normalization, the original peak intensity values were divided 772 

by the internal standard peak intensity value at m/z 566.382 [M + H]+ and m/z 550.351 [M-773 

CH3]− for the positive and negative ion modes, respectively.  774 

Liquid chromatography separation of fatty acyl-CoA constituents was performed with an 775 

Agilent Technologies 1290 Infinity II UHPLC instrument equipped with a ZORBAX RRHT 776 

Extend-C18 analytical column (80Å pore size; 50 mm in length; 2.1 mm inner diameter; 1.8 µm 777 

particle size) that was coupled to a 6470 triple quadrupole mass spectrometer with an 778 

electrospray ionization (ESI) source (Agilent Technologies, Santa Clara, CA). A volume of 20 779 

µL of each sample was injected into the LC system. The chromatography was carried out at 40 780 

°C with a flow rate of 0.300 mL/min. All LC-MS/MS solvents used were LC-MS grade (Fisher 781 

Scientific, Waltham, MA). Running solvents were A: 15% acetonitrile in water with 0.05% 782 

triethylamine, and B: 10% water in acetonitrile with 0.05% triethylamine. Initial solvent 783 

conditions were 0% B, which was held for 5 min and then increased on a linear gradient to 100% 784 

B over 9 min, 100% B was held for 11 min before returning to 0% B over a 5-min linear 785 

gradient. A 4-min post-run at 0% B was conducted after each LC-MS/MS acquisition. 786 

Fatty acyl-CoA metabolites were detected using electrospray ionization in positive ionization 787 

mode. Nitrogen was used as the service gas for the ion source with a drying gas flow rate of 9 788 

L/min at a temperature of 340 °C, a nebulizing pressure of 30 psi, and a sheath gas flow of 10 789 

L/min at 325 °C. The capillary and nozzle voltages were 4000 and 1000 volts, respectively. The 790 

mass spectrometer was operated in dynamic MRM mode to monitor the neutral loss of m/z 507 791 

for all target fatty acyl-CoA molecules, as described previously (Haynes et al., 2008; Sun et al., 792 



 35 

2006). Mass transitions for the eight detected long-chain and very long-chain fatty acyl-CoA 793 

metabolites and the internal standard are provided in Supplemental Table S13. Fatty acyl-CoA 794 

LC-MS/MS peak quantification was accomplished using Agilent MassHunter Quantitative 795 

Analysis (version 10.0) software (Agilent Technologies, Santa Clara, CA) with all fatty acyl-796 

CoA amounts reported relative to the internal standard (25:0-CoA). 797 

Quantitative methods 798 

Cuticular wax metabolite concentrations were initially calculated relative to the compatible 799 

internal standard (i.e., hydrocarbons quantified relative to eicosane, VLCFAs relative to 800 

nonadecanoic acid, and alcohols and aldehydes relative to heptadecanol). Because quantification 801 

of each metabolite class did not differ depending on choice of standard, all subsequent 802 

quantifications were relative to the eicosane standard. Quantification was performed relative to 803 

silk dry weight, to avoid potential differences in metabolite concentrations due solely to 804 

differences in water content between genotypes or among silk sections. Representative 805 

measurements of silk dry weight were calculated for each silk section (A-E) from surrogate ears 806 

harvested on the same days as those used for cuticular wax profiling, and a ratio of dry weight to 807 

fresh weight was calculated as a conversion factor to estimate the dry weight of extracted silk 808 

samples, as described by Loneman et al. (2017). The measured water content of silk samples was 809 

approximately 90% regardless of the position along the silk length, the genetic background, or 810 

the growing year. 811 

Detection limits were determined as previously described (Dennison et al., 2019). The 812 

detection limits for the datasets collected in growing years 2014 and 2015 were 0.005 and 0.006 813 

µmol g-1 dry weight, respectively. Metabolite abundances were censored (Newman et al., 1989) 814 

such that concentrations below the detection limit (DL) were assigned a value of DL/2, and 815 
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concentrations for metabolites that were not detected in a specific condition were assigned the 816 

value, DL/10. Consistently low abundance metabolites that were assigned DL/2 or DL/10 values 817 

for more than 90% of the samples were removed from the dataset. 818 

Statistical Methods 819 

The raw metabolite data were log-transformed and pareto-scaled. ANOVA was performed to 820 

evaluate the effects of genotype, position along the silk, growing year, and cellular free VCLFA 821 

and cellular lipid-associated VLCFA content on cuticular wax composition. For each genotype, 822 

the accumulation dynamics along the silk length for each lipid class were modeled using linear 823 

and polynomial (i.e., quadratic, cubic and quartic models) regression. The regression model that 824 

best fitted the concentration data for each lipid class was determined by comparing the adjusted 825 

R2 of the four regression models. Tukey’s Honestly Significant Difference (HSD) tests were 826 

applied for post-hoc pairwise comparisons between silk sections either within or among 827 

genotypes. These analyses were conducted using the R/stats base package (R core team, 2016). 828 

PCA was performed using the prcomp() function in the R/stats package and 95% confidence 829 

ellipses were constructed using the R/car dataEllipse() function (Fox and Weisberg, 2019). 830 

Partial least squares-discriminant analysis (PLS-DA) was performed using the R/ropls opls() 831 

function that also determined the optimal number of components for the PLS-DA model using 832 

seven-fold cross validation (Thévenot et al., 2015). Variable Importance in Projection (VIP) 833 

scores were calculated by the R/ropls getVipVn() function as a cumulative measure of the 834 

contribution of each metabolite in distinguishing among genotypes or silk sections (Pérez-Enciso 835 

and Tenenhaus 2003). Individual metabolites with VIP scores >1.0 (i.e., with above-average 836 

contribution in sample classification) were deemed as metabolite biomarkers that discriminate 837 

between classes. The explained fraction of data variance by a PLS-DA model for explanatory 838 
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and response variables were reported as R2X and R2Y, respectively, and the predictive accuracy 839 

of the model was reported as Q2Y. The response variable for PLS-DA is categorical and 840 

therefore transformed into a binarized numerical variable for model construction, and R2Y 841 

represents the explained variation within the transformed data.  842 

Non-parametric Spearman correlations between every pair of metabolites across silk sections 843 

A to E were calculated in each genotype, and were compared among genotypes according to 844 

Choi and Kendziorski (2009) with modifications that are described in Supplemental Methods. 845 

The metabolite correlation networks were constructed based on topological overlap matrices 846 

(TOMs) derived from the correlation matrices using the R/WGCNA package (Langfelder and 847 

Horvath, 2008). Briefly, for each genotype, metabolite clusters were initially determined 848 

according to TOMs by hierarchical clustering and then pruned by four independent R functions: 849 

pam(), cutreeStatic(), and two cutreeDynamic()s with the “methods” argument specified as either 850 

“tree” or “hybrid” (Horvath and Langfelder, 2011). 851 

The ratios of HC2n-1:0 :FA2n:0 relative to the carbon chain length 2n were fitted into a linear 852 

regression model as the response variable using the R/stat function lm(), with precursor chain 853 

length, genotype, silk encasement status, growing year, and the corresponding interaction terms 854 

as the explanatory variables. The prediction interval for regression was calculated by R/stat 855 

function predict(). Bayesian Model Comparison, using the R/BayesFactor package (Morey and 856 

Rouder, 2015), was applied to assess the association of the HC2n-1:0 :FA2n:0 ratio with these 857 

explanatory variables and two additional explanatory variables (concentration of total free 858 

VLCFAs and concentration of GlcCer-associated VLCFAs). Bayesian model construction and 859 

comparison are described in detail in Supplemental Methods. 860 
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Supplemental Data 861 
 862 
Supplemental Methods: Supplemental Statistical Methods 863 

Supplemental Figure S1: Accumulation of cuticular monoenes along the spatio-temporal 864 

gradient of silks. Concentrations of cuticular 7-monoenes, 9-monoenes, and other alkenes (a 865 

mixture of 14- and 15-monoenes) from different silk sections of inbreds B73 and Mo17, and the 866 

reciprocal hybrids. For each genotype, different letters associated with data bars of the same 867 

color denote a statistically significant difference in concentrations between silk sections (p<0.05; 868 

Tukey’s Honestly Significant Difference test). Seven or eight replicates were evaluated per 869 

combination of genotype and silk section; N=158. Averages ± standard errors are reported.  870 

Supplemental Figure S2: Correlation-based clustering of silk cuticular wax abundance data for 871 

hybrids, B73×Mo17 and Mo17×B73. Rank-based Spearman correlations were calculated 872 

between all pairs of metabolites and used to construct the weighted correlation networks via 873 

weight correlation network analysis for B73×Mo17 (A) and Mo17×B73 (B and C). Pairs of 874 

cuticular wax metabolites connected by edges are significantly correlated with coefficients ≥0.5 875 

and reside within the same cluster. Edge length represents correlation strength, with shorter 876 

edges representing stronger correlations between metabolites. Unclustered singleton metabolites 877 

(D and E) were not statistically correlated with any other metabolites, or shared correlation 878 

values <0.5. The notations for cuticular wax metabolites are described in Methods. 879 

Abbreviations: Alc, alcohol; Ald, aldehyde; FA, fatty acid; HC, hydrocarbon; VLCFA, very 880 

long-chain fatty acid.  881 

Supplemental Figure S3: Clustering of silk samples by partial least squares discriminant 882 

analysis (PLS-DA) based on different genotypes and different silk sections. PLS-DA score plots 883 

and corresponding weight plots based on different genotypes (A, C, and E) and silk sections (B, 884 
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D, and F). The percent covariance between the response and predictor variables explained by 885 

each PLS component, R2X, R2Y, and Q2Y for these PLS-DA models are reported in panels A 886 

and B.  C-D, Weight plots, derived from the PLS-DA models presented in A and B, display the 887 

influence of each cuticular wax metabolite on the discrimination of different genotypes or silk 888 

sections. Closed circle symbols identify the signature metabolites selected with variable-889 

importance-in-projection (VIP) scores >1.  The 30 signature cuticular wax metabolites contribute 890 

to 41% and 24% for the R2Y of the PLS-DA models that discriminate genotypes and silk-891 

sections, respectively. E-F, revised PLS-DA models that discriminate the hybrids from the 892 

parental lines B73 and Mo17 (E), or discriminate the silk sections based on the encasement status 893 

(F). Abbreviations: Alc, alcohol; Ald, aldehyde; FA, fatty acid; HC, hydrocarbon.  894 

Supplemental Figure S4: The spatio-temporal accumulation patterns of the metabolically 895 

related hydrocarbon (HC2n-1:0) and VLCFA (FA2n:0) pairs in inbreds B73 and Mo17. These 896 

metabolites that were selected by PLS-DA as contributing to the discrimination of either 897 

genotype (G), silk section (S) or both (G+S) are identified. Data-points are the average ± 898 

standard error from 7-8 biological replicates. The genotype difference for each metabolite per 899 

silk section is represented by the length of the dotted lines. Asterisks denote statistical 900 

differences between genotypes at p <0.05, according to Tukey’s Honestly Significant Difference 901 

test (***, p <0.0001; **, p <0.001; *, p <0.05). Abbreviations: DW, dry weight; FA, fatty acid; 902 

HC, hydrocarbon; VLCFA, very long-chain fatty acid. 903 

Supplemental Figure S5: Accumulation of fatty acyl-CoAs in the encased and the emerged 904 

sections of maize silks from inbreds B73 and Mo17. The concentrations of fatty acyl-CoAs with 905 

16 or 18 carbons are presented in (A), and the concentrations of very long-chain fatty acyl-CoAs 906 

(VLCFA-CoAs) with 30 – 34 carbons are presented in (B). For each genotype, different letters 907 
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associated with data points indicate statistical differences among silk sections (p <0.05; Tukey’s 908 

Honestly Significant Difference test). The genotype difference for each metabolite per silk 909 

section is represented by the length of the dotted lines. Asterisks denote statistical differences 910 

between genotypes at a specific position along the silk length (***, p <0.0001; **, p <0.001; *, p 911 

<0.05; Tukey’s Honestly Significant Different test). Averages ± standard errors from three 912 

biological replicates are reported for each fatty acyl-CoA. Abbreviations: DW, dry weight; FA, 913 

fatty acid. 914 

Supplemental Figure S6: Accumulation of cuticular hydrocarbon products and the 915 

metabolically related cuticular VLCFAs, and the regression of the hydrocarbon:VLCFA ratios on 916 

chain length for hybrids, B73×Mo17 and Mo17×B73. Concentrations (log-scaled) of cuticular 917 

hydrocarbons (HC2n-1:0) and VLCFAs (FA2n:0 ) were analyzed from husk-encased silks (A) and 918 

from silks that had emerged from the husks (B) of the hybrid B73×Mo17 (blue data points) and 919 

Mo17×B73 (green data points). Averages ± standard errors from seven to eight biological 920 

replicates are reported for the metabolite concentrations. Different letters associated with data 921 

points from the same metabolite class indicate a statistically significant difference between alkyl 922 

chain lengths (p <0.05; Tukey’s Honestly Significant Difference test); letters associated with 923 

VLCFAs are underlined. In the regression, the prediction intervals for the regression models are 924 

indicated by the dashed lines for each inbred. Abbreviation: DW, dry weight; FA, fatty acid; HC, 925 

hydrocarbon; VLCFA, very long-chain fatty acid. 926 

Supplemental Table S1: Spatio-temporal profiles of cuticular waxes from maize silks of B73, 927 

Mo17, and the reciprocal hybrids that were collected in the 2014 and 2015 growing years. 928 
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Supplemental Table S2: Comparison of  models that depict the dynamics of cuticular 929 

metabolite accumulation levels among the silk sections in the indicated maize lines. 930 

Supplemental Table S3: Two-way and two-way nested ANOVAs that test the main effect of 931 

genotype (G), silk section (S) and G × S interaction on each cuticular wax metabolite. 932 

Supplemental Table S4: Two-way and three-way ANOVAs of total cuticular waxes and 933 

individual lipid metabolite classes. 934 

Supplemental Table S5: Variable importance in projection (VIP) score for each lipid in two 935 

PLS-DA models built to discriminate genotypes or silk sections based on the cuticular wax 936 

metabolome compositions.  937 

Supplemental Table S6:  Spatio-temporal profiles of cellular very long-chain fatty acids 938 

(VLCFAs) from maize silks of B73 and Mo17 collected in the 2015 growing year. 939 

Supplemental Table S7:  Pearson correlations between total free very long-chain fatty acids 940 

(VLCFAs) or glucosylceramide (GlcCer)-associated VLCFAs versus cuticular VLCFAs at 941 

individual acyl chain lengths.   942 

Supplemental Table S8:  Profiles of very long-chain fatty acyl-CoAs from maize silks of B73 943 

and Mo17 collected in the 2015 growing year. 944 

Supplemental Table S9: Spearman correlations between cellular very long-chain fatty acyl-945 

CoA precursors (FA2n:0-CoA), cuticular hydrocarbon (HC2n-1:0), cuticular very long-chain fatty 946 

acids (FA2n:0), and the ratios between cuticular HC2n-1:0 and the metabolically related cuticular 947 

FA2n:0. 948 

Supplemental Table S10:  Identification of the optimal very long-chain fatty acid (VLCFA) 949 

Bayesian regression model that incorporated total free VLCFAs as predictors in the model 950 
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Supplemental Table S11: Identification of the optimal very long-chain fatty acid (VLCFA) 951 

Bayesian regression model that incorporated glucosylceramide (GlcCer)-associated VLCFAs as 952 

predictors in the model. 953 

Supplemental Table S12: Identification of the optimal very long-chain fatty acid (VLCFA) 954 

Bayesian regression model that incorporated total free VLCFAs and glucosylceramide (GlcCer)-955 

associated VLCFAs as predictors in the model. 956 

Supplemental Table S13. Mass transitions for the eight long-chain and very long-chain fatty 957 

acyl-CoA (VLCFA-CoA) metabolites in maize silks, and that of the internal standard (ISTD), as 958 

detected by LC-MS/MS. 959 
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TABLES 985 
 986 
Table 1. Silk cuticular wax metabolites from B73 and Mo17 exhibit different correlation 987 
patterns along the spatio-temporal silk gradient. The Frobenius norm is derived from the sum 988 
of squares for all the elements in a Spearman correlation matrix. Correlation-based clustering 989 
was performed by WGCNA. 990 
 991 
 Genotype Frobenius norm1 Number of clusters Number of singletons 
B73 0.58a 1 6 
Mo17 0.48b 2 9 
B73×Mo17 0.55ab 2 9 
Mo17×B73 0.54ab 1 9 
 992 
1 Values followed by different superscript letters are statistically different (p <0.001) according 993 
to a random permutation test as described by Choi and Kendziorski (2009).  994 
  995 
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Table 2. Impacts of total free VLCFAs and glucosylceramide (GlcCer)-associated VLCFAs 996 
on the cuticular hydrocarbon: VLCFA ratios determined by Bayesian model comparison. 997 
The allocation of VLCFA-CoA precursors within the cuticular wax-producing network was 998 
represented by the linear regression of cuticular HC2n-1:FA2n ratio versus acyl chain length, 2n. 999 
Bayesian model comparison was performed on metabolomics data collected during the 2015 1000 
growing season with total free VLCFAs and GlcCer-associated VLCFAs profiled from lipids 1001 
extracted from the entire silk tissue. 1002 
 1003 

a For each VLCFA model, the main effect of the examined term and the associated interaction 1004 
effects were added to the Baseline model as justified in Supplementary Tables S10 – S12. 1005 
b  Bayes factors were calculated as the ratio of the likelihood between a VLCFA model 1006 
(numerator) and the Baseline  model (denominator). A Bayes factor >3.2 indicates that the 1007 
addition of the examined terms to the Baseline model resulted in significantly better fit to the 1008 
data. 1009 
 1010 
  1011 

Baseline model  VLCFA modelsa  Examined terms Bayes factorb 
Genotype (g) + 
Encasement status 
(k) + Acyl chain 
length (n) + (g ´ k) + 
(k ´ n) + (g ´ k ´ n) 

VLCFA model 1: g + k + n + (g ´ 
k) + (k ´ n) + (g ´ k ´ n) + [free 
VLCFAs (ffa) + (ffa ´ g) + (ffa ´ 
k) + (ffa ´ n) + (ffa ´ k ´ n)] 
 

Total free VLCFAs 
(ffa) and the 
interaction effects 
with g, k and n 

1.88 ´ 107 
 

VLCFA model 2: g + k + n + (g ´ 
k) + (k ´ n) + (g ´ k ´ n) + 
[GlcCer-associated VLCFAs 
(gfa) + (gfa ´ g) + (gfa ´ n)] 
 

GlcCer-associated 
VLCFAs (gfa) and 
the interaction effects 
with g and n 

8.83 ´ 106 

VLCFA model 3: g + k + n + (g ´ 
k) + (k ´ n) + (g ´ k ´ n) + [ffa + 
gfa + (gfa ´ n)] 
 

Total free VLCFAs 
(ffa) and  GlcCer-
associated VLCFAs 
(gfa), and interaction 
effects with g, k and 
n 

8.27 ´ 106 
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Table 3. Impact of genotype, husk-encasement status, and growing year on the cuticular 1012 
HC2n-1:FA2n ratio determined by Bayesian model comparison. The allocation of VLCFA-1013 
CoA precursors within the cuticular wax-producing network was represented by the linear 1014 
regression of cuticular HC2n-1:FA2n ratio versus acyl chain length, 2n. Bayesian model 1015 
comparison was performed on the combined metabolomics datasets gathered from tissue grown 1016 
in 2014 and 2015.  1017 
 1018 

 1019 
a For each modified model, the main effect of the examined term and the associated interaction 1020 
effects were removed from the Baseline model.  1021 
b Bayes factors were calculated as the ratio of likelihood between the Baseline model (numerator) 1022 
and modified models (denominator). A Bayes factor >3.2 indicates that the removal of the 1023 
examined terms from the Baseline model resulted in significantly worse fit to the data. Examined 1024 
terms are therefore listed in descending order of importance to the model. 1025 
 1026 
 1027 
 1028 

  1029 

Baseline model Macroenvironment modelsa Examined term Bayes factorb 
Genotype (g) + 
Encasement status (k) + 
Growing year (y) + 
Acyl chain length (n) + 
(g ´ k) + (g ´ y) + (g ´ 
n) + (k ´ n) + (k ´ y) + 
(y ´ n) + (g ´ k ´ n) + 
(g ´ y ´ n) + (k ´ y ´ n) 
+ (g ´ k ´ y ´ n) 
 

k + y + n + (k ´ y) + (k ´ n) + 
(y ´ n) + (k ´ y ´ n) 

Genotype (g) 1.01 ´ 10110 

g + y + n + (g ´ y) + (g ´ n) + 
(y ´ n) + (g ´ y ´ n)  

Growing year (y) 2.35 ´ 1033 

g + k + n + (g ´ k) + (g ´ n) + 
(k ´ n) + (g ´ k ´ n) 

Encasement Status (k) 
 

7.76 ´ 1028 

g + k + y + n + (g ´ n) + (k ´ n) 
+ (k ´ y) + (y ´ n) + (k ´ y ´ n) 

g ´ k 8.80 ´ 107 

g + k + y + n + (g ´ k) + (g ´ n) 
+ (k ´ n) + (k ´ y) + (y ´ n) + 
(g ´ k ´ n) + (k ´ y ´ n)  

g ´ y 3.52 ´ 106 

g + k + y + n + (g ´ k) + (g ´ y) 
+ (g ´ n) + (k ´ n) + (y ´ n) + 
(g ´ k ´ n) + (g ´ y ´ n)  

k ´ y 5.49 ´ 10-9 
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FIGURE LEGENDS 1030 

Figure 1. Spatio-temporal cuticular wax profiles of maize silks from inbreds Mo17 and 1031 

B73, and their reciprocal hybrids. (A) Concentrations of total cuticular waxes and individual 1032 

lipid classes from silks harvested 3-days post-silk emergence and cut into five allometric 1033 

sections, A-E (see Methods). The bold dashed line depicts the transition point between husk-1034 

encased (sections A, B and C) and emerged (sections D and E) portions of the silks. For each 1035 

genotype, the changes in concentration of each cuticular wax class along the A to E gradient 1036 

were fitted to a quadratic regression model. The resulting R2 values are listed and the associated 1037 

p-values are denoted by asterisks (***, p <0.0001; **, p <0.001; *, p <0.05). Different letters 1038 

associated with data bars of the same color denote a statistically significant difference in 1039 

accumulation between silk sections within a genotype (p <0.05; Tukey’s Honestly Significant 1040 

Difference (HSD) test). Seven to eight biological replicates (two ears pooled from two separate 1041 

plants per replicate) were evaluated per combination of genotype and silk section, constituting a 1042 

total sample size of 158. (B) Relative compositions of cuticular waxes along the silk length. 1043 

Proportion of each cuticular wax class relative to total cuticular wax accumulation. Aldehydes 1044 

and alcohols comprise <1% of the cuticular wax metabolome and are not depicted in the figure. 1045 

Alkenes are comprised predominantly of 7- and 9-monoene classes, and “>9” constituents that 1046 

include 14- and 15-monoenes, and two dienes. Different letters within data bars for a given 1047 

genotype denote a statistically significant difference in cuticular wax relative abundance between 1048 

silk sections for a given metabolite class (p<0.05; Tukey’s HSD test). (C) Principal component 1049 

analysis (PCA) of cuticular wax metabolite abundances among different silk sections. Each data 1050 

point, which represents the concentrations of the 45 cuticular wax metabolites profiled from each 1051 

silk sample, is labeled by silk section (A-E) and color-coded according to genotype. Percentages 1052 
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represent the amounts of variance explained by the first and second principal components (PC1 1053 

and PC2). Ovals represent 95% confidence ellipses for emerged and husk-encased samples. 1054 

Abbreviations: DW, dry weight; HSD, honestly significant difference. 1055 

 1056 

Figure 2. Correlation-based clustering of silk cuticular wax abundance data for inbred 1057 

lines, B73 and Mo17. Rank-based Spearman correlations were calculated between all pairs of 1058 

metabolites and used to construct the weighted correlation networks via weight gene correlation 1059 

network analysis for A, B73 and B and C, Mo17. The non-clustered metabolites for B73 and 1060 

Mo17 are shown in D and E, respectively. Pairs of lipid metabolites connected by edges are 1061 

significantly correlated with correlation coefficients ³0.5 and reside within the same cluster. 1062 

Edge length represents correlation strength with shorter edges representing stronger correlations 1063 

between metabolites. Non-clustered singleton metabolites were not statistically correlated with 1064 

any other metabolites, or shared correlation values <0.5. Abbreviations: Alc, alcohol; Ald, 1065 

aldehydes; FA, fatty acid; HC, hydrocarbon; VLCFA, very long-chain fatty acid. 1066 

 1067 

Figure 3. Accumulation patterns of signature cuticular wax metabolites that distinguish 1068 

among genotypes or among silk sections. Concentrations of signature cuticular waxes 1069 

identified by partial least square discriminant analysis (PLS-DA) as having variable-importance-1070 

in-projection (VIP) scores >1. Nine (A) and fifteen (B) of these metabolites contribute to either 1071 

the observed genotype-based or silk section-based PLS-DA separation, respectively, and an 1072 

additional six lipid metabolites were selected in both categories (C). Two-way ANOVA of the 1073 

main effects of genotype and silk section were conducted for each metabolite, and statistical 1074 

significance is noted with asterisks (***, p<0.0001) for genotype (G), silk section (S) or both G 1075 
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and S. The interaction effect, G ´ S was also evaluated by ANOVA for each metabolite and 1076 

presented in Supplementary Table S3. Averages ± standard errors from seven to eight biological 1077 

replicates are reported (N = 158) as presented in Figure 1, with averages connected by colored 1078 

lines to facilitate visualization. Abbreviations: Ald, aldehyde; DW, dry weight; FA, fatty acid; 1079 

HC, hydrocarbon. 1080 

 1081 

Figure 4. Accumulation of four VLCFA pools along the silk length. Concentrations of 1082 

individual cuticular VLCFAs (A), total free VLCFAs (B), glucosylceramide (GlcCer)-associated 1083 

VLCFAs (C), and VLC fatty acyl-CoAs (VLCFA-CoAs) (D) in different silk sections of inbred 1084 

lines B73 (black data points) and Mo17 (red data points). Cuticular VLCFA concentrations are 1085 

reported as µmol/g dry weight and VLCFA-CoA concentrations are reported as pmol/g dry 1086 

weight. Total free VLCFAs and GlcCer-associated VLCFAs are reported as relative abundance 1087 

in comparison to the phosphatidylcholine internal standard that was added to each sample during 1088 

lipid extraction. For each genotype, different letters associated with data points indicate 1089 

statistical differences among silk sections (p <0.05; Tukey’s HSD). The genotype difference for 1090 

each metabolite per silk section is represented by the length of the dotted lines. Asterisks denote 1091 

statistical differences between genotypes at a specific position along the silk length (***, p 1092 

<0.0001; **, p <0.001; *, p <0.05). Averages ± standard errors from three to four biological 1093 

replicates (two ears pooled from two separate plants per replicate) are reported for the VLCFA 1094 

pools; N=35. Abbreviations: DW, dry weight; FA, fatty acid; HSD, honestly significant 1095 

difference; VLCFA, very long-chain fatty acid; VLCFA-CoA, very long-chain fatty acyl-CoA. 1096 

 1097 
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Figure 5. Accumulation of cuticular hydrocarbon products and the metabolically related 1098 

cuticular VLCFAs, and the regression of the hydrocarbon:VLCFA on chain length for 1099 

inbreds B73 and Mo17. Concentrations (log-scaled) of cuticular hydrocarbons (HC2n-1:0) and 1100 

VLCFAs (FA2n:0 ) were analyzed from husk-encased silks (A) and from silks that had emerged 1101 

from the husks (B) of the inbreds B73 (black data points) and Mo17 (red data points). Averages 1102 

± standard errors from seven to eight biological replicates as presented in Figure 1 are reported 1103 

for the metabolite concentrations. Different letters associated with data points from the same 1104 

metabolite class indicate a statistically significant difference between acyl chain lengths (p 1105 

<0.05; Tukey’s HSD test); letters associated with VLCFAs are underlined. In the regression, the 1106 

prediction intervals for the regression models are indicated by the dashed lines for each inbred. 1107 

Abbreviations: DW, dry weight; FA, fatty acid; HC, hydrocarbon; HSD, honestly significant 1108 

difference; VLCFA, very long-chain fatty acid.  1109 

 1110 
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