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Leaf wax n-alkanes are broadly used to reconstruct paleoenvironmental information. However, the utility of n-alkanes as a paleoenvironmental proxy may be modulated by the extent to which biological as well as environmental factors influence the structural and isotopic variability of leaf waxes. In paleoclimate applications, there is usually an implicit assumption that most variation of leaf wax traits through a time series can be attributed to environmental change and that biological sources of variability within plant communities are small. For example, changes in hydrology affect the δ2H of waxes via rainwater and the δ13C of leaf waxes by changing plant communities. We measured the degree of genetic control over δ13C variation in leaf waxes within closely related species with an experimental greenhouse growth study. We measured the proportion of variability in structural and isotopic leaf wax traits that is attributable to genetic variation using a set of 76 introgression lines (ILs) between two interfertile Solanum (tomato) species: S. lycopersicum cv M82 (hereafter cv M82) and S. pennellii. Leaves of S. pennellii, a wild desert tomato relative, produced significantly more iso-alkanes than cv M82, a domesticated tomato cultivar adapted to water-replete conditions. We report a methylation index to summarize the ratio of branched (iso- and anteiso-) to total alkanes. Between Solanum pennellii and cv M82, the iso-alkanes were found to be enriched in 13C by 1.2–1.4‰ over n-alkanes. The broad-sense heritability values (H2) of leaf wax traits describe the degree to which genetic variation contributes to variation of these traits. Variation of individual carbon isotopic compositions of alkanes were of low heritability (H2 = 0.13–0.19), suggesting that most variation in δ13C of leaf waxes in this study can be attributed to environmental variance. This supports the interpretation that variation in the δ13C of wax compounds recorded in sediments reflects paleoenvironmental and vegetation changes. Average chain length (ACL) values of n-alkanes were of intermediate heritability (H2 = 0.30), suggesting that ACL values are more strongly influenced by genetic cues.

Keywords: n-alkanes, iso-alkanes, anteiso-alkanes, tomato, introgression line, QTL, stable carbon isotopes

INTRODUCTION

Long chain (C21–C39) n-alkanes are characteristic components of the cuticular waxes of terrestrial plants (Jetter et al., 2006). Alkanes are geologically stable, and their structures and isotopic compositions carry biological and environmental information. In a geological context, this information can be used for paleoenvironmental and paleoecological reconstructions. Structural traits in n-alkanes, such as average chain length (ACL), may relate to climatic variables such as temperature and humidity, as well as to the biology of the plants that have produced the n-alkanes (Bush and McInerney, 2013, 2015; Freeman and Pancost, 2014). Stable isotopes of carbon (δ13C) in plant materials, including waxes, may integrate information about carbon fixation pathway (Tipple and Pagani, 2010; Naafs et al., 2012) and physiological parameters such as water use efficiency (WUE) and stomatal conductance (Farquhar et al., 1989; Easlon et al., 2014), and may also be sensitive to environmental parameters such as light intensity, nutrient availability, position in the canopy, and atmospheric CO2 concentration (Schubert and Jahren, 2012; Diefendorf and Freimuth, 2017). These relationships are complex, and may be subject to change with plant adaptation (Diefendorf and Freimuth, 2017). Hydrogen ratios (δ2H) in plant wax n-alkanes are also informative, and relate to the δ2H of rainwater, as well as to a number of environmental and physiological parameters (Sachse et al., 2012).

The utility of n-alkanes in tracing environmental variability is moderated by uncertainties about the multiple sources of structural and isotopic variability. Generally, the values of parameters describing leaf waxes accumulated in sediments are assumed to have been smoothed by integration of many sources across a catchment. Nonetheless, the mechanistic controls of plant biology on variability is critical to understanding how to extract information from sedimentary leaf waxes. In this study, we address one source of such variability: the degree to which variability in leaf wax traits is a function of plant biology in addition to environmental conditions. This will address genetic and physiological factors that control structural and isotopic variability in plant wax compounds.

Previous studies have approached this problem by sampling leaf wax material from a range of species in a terrestrial environment. For example, Hou et al. (2007) showed that δ2H values co-vary with δ13C values of leaf waxes and may be related to WUE in a range of tree species sampled in a single environment near Blood Pond, Massachusetts (Hou et al., 2007). Total n-alkane abundances vary greatly among angiosperms; for example, total n-alkane abundances in different species of the same plant family (Betulaceae) range from <50 μg/g dry leaf to 1,300 μg/g dry leaf (Diefendorf et al., 2011). Carbon isotope values of n-alkanes measured from a wide range of angiosperms have been reported to vary by up to ~10‰ (Diefendorf et al., 2011), and alkanes among conifer families can vary by ~6‰ (Diefendorf et al., 2015). These examples demonstrate variability in leaf waxes among various lineages of plants.

Strong genetic determination is responsible for some of these differences. For example, differences in photosynthetic pathways impart a strong carbon isotopic discrimination in n-alkanes. Across 10 studies, n-C29 and n-C31 alkanes from C3 plants showed mean δ13C values of −34.0 and −34.3‰ with 1σ variation of 3.3 and 3.0‰, respectively, whereas the same alkanes from C4 plants have mean δ13C values of −21.4 and −21.7‰ and 1σ variations of 2.3 and 2.3‰ in C4 plants (Figure 1; Supplementary Dataset 1). Variation in the carbon isotopic composition of sedimentary leaf waxes is usually attributed to vegetation change, including varying inputs of C3 and C4 plants (Eglinton et al., 2002; Feakins et al., 2005, 2007; Castañeda et al., 2009a,b; Tipple and Pagani, 2010), distinctions between conifer and angiosperm inputs (e.g., Pedentchouk et al., 2008; Diefendorf et al., 2015), water availability (e.g., Diefendorf et al., 2010), and are used to track changes in the carbon cycle in the past (e.g., McInerney and Wing, 2011).
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FIGURE 1. Density plot of n-C29 and n-C31 alkane δ13C values from C3 and C4 plants. n-C29 (solid lines) and n-C31 (dashed lines) alkanes from C3 plants (red) show a 1σ variation of 3.3 and 3.0‰, respectively, while the same alkanes have 1σ variations of 2.3 and 2.3‰ in C4 plants (green). Data shown are from 10 published studies (see Supplementary Dataset 1). Lines represent the kernel density estimates generated using Gaussian kernels with bandwidths chosen by Silverman's “rule of thumb” (Silverman, 1986).



Within a given plant type, variability of leaf waxes can result from changes in the environment. Variation in water availability and mean annual precipitation have been shown to influence δ13C values (Diefendorf et al., 2010). Light intensity, nutrient availability, and the partial pressure of CO2 might also affect δ13C values (Diefendorf and Freimuth, 2017). The response of individual plant types to these environmental forcings is a function of plant biology. Leaf wax parameters such as ACL, δ13C, and δD can be viewed as phenotypes—the set of characteristics of a plant that are produced from the interaction of the genotype with the environment. If δ13C values and other plant phenotypes are to be used to reconstruct environmental variation, this prompts a critical question: how much of the observed variability is due to environmental change, as opposed to genetic variability within populations?

This question can be addressed by quantifying the contribution of genetics and environment to phenotypic variability. Continuous phenotypic traits, such as ACL or the isotopic composition of n-alkanes, can be parameterized as reflecting a combination of genotypic factors that interact with the environment. Although this interaction is commonly recognized in biological studies, the genotype-environment interaction is rarely considered in paleoenvironmental applications.

The contribution of genetic variation to phenotypic variation of a trait can be measured as the broad-sense heritability (H2; Futuyma, 1998; Conner and Hartl, 2004). We directly assess H2 of structural and isotopic leaf wax traits of plants grown in a greenhouse. It is important to recognize that even in a relatively controlled environment like a greenhouse, significant environmental variations exist, many of which cannot be precisely controlled or measured. These differences can result in phenotypic differences among replicate plants—for example variation in structural and isotopic characteristics of leaf waxes. By definition, the phenotypic value (P) of a trait results from the genotype (G) of the organism plus an environmental deviation (E) from the genotypic value: (Conner and Hartl, 2004).
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In a given environment we can calculate the relative influence of genotypic and environmental variation on phenotypic variation by precisely measuring variance in the phenotype (VP) and genotype (VG). In this study, we achieved this with a model species complex consisting of precisely defined near-isogenic introgression lines (ILs; Eshed and Zamir, 1995) between two interfertile Solanum (tomato) species. Each of the 76 ILs possesses a single introgressed genomic segment from the desert wild tomato relative Solanum pennellii in a domesticated tomato Solanum lycopersicum cv M82 background (hereafter, cv M82). Together, the introgression segments of the 76 ILs span the entire wild tomato genome. These two species are useful for this investigation because they are adapted to regions with vastly different hydrological settings. Endemic to the dry slopes of the Central Peruvian Andes (Warnock, 1991), S. pennellii bears smaller fruit and leaves that are smaller and less complex than those of cv M82, which is well-adapted to water-replete conditions (Chitwood et al., 2013). The leaves of these two species vary in their wax content; epicuticular lipids comprised 0.96 and 19.9% of total leaf dry weight in 17-week old leaves from cv M82 and S. pennellii, respectively (Fobes et al., 1985).

In this study, we use the S. pennellii ILs to resolve genetic and environmental effects on variability in leaf wax n-alkane δ13C values and structural traits, and to identify quantitative trait loci (QTL) for these leaf wax traits. Although these species are not abundant producers of leaf waxes in terrestrial ecosystems, they provide a useful tool for investigating plant genetics and physiology. These can be considered model organisms in the same way that Escherichia coli is used as a model organism for understanding fundamentals of bacterial physiology and genetics. Using this model species complex to determine the role of heritability in the production of plant wax traits allows us assess the importance of genetic variation in the variation of leaf wax phenotypes. Quantifying the contribution of genetic variation to total phenotypic variation is a step toward incorporating an understanding of genetic variation into interpretation of leaf wax isotopic records.

MATERIALS AND METHODS

Plant Materials, Growth Conditions, and Experimental Design

We obtained second-generation S. pennellii ILs (Eshed and Zamir, 1995), Solanum pennellii, and Solanum lycopersicum cv M82 seeds from the Tomato Genetics Resource Center and the lab of Neelima Sinha (University of California, Davis) and Dani Zamir (Hebrew University, Rehovot, Israel). All seeds were prepared and germinated at the Donald Danforth Plant Science Center in St. Louis, MO as described in Chitwood et al. (2013).

Growth Conditions for cv M82 and S. pennellii

In order to characterize the variance of leaf wax traits between the two parent lines, we grew 10 replicates of each parent species in the greenhouse from November 2013–January 2014. The seeds were germinated in late November 2013. Seedlings were transplanted into 2-gallon planters in the greenhouse and staggered along a greenhouse bench. Seedlings were vigorously top watered after transplanting and further watered and fertilized to ensure plant growth; irrigation water was supplied from a tap water reservoir.

Anthesis (the flowering period) began in late December 2013; leaves were collected from each plant in early January 2014. One leaf was collected from each plant for leaf wax extraction and analysis based on specific criteria: (i) the leaf was fully developed (i.e., leaflets were fully unfurled), and (ii) the leaf was young (i.e., close to the top of the plant, arising after the reproductive transition). These criteria were selected to minimize variability due to timing of leaf development. Each sample comprised the five primary leaflets of each leaf (terminal, distal, and proximal lateral left and right).

Growth Conditions for ILs and cv M82

We grew the 76 ILs from December 2013–February 2014. Seeds were germinated in December and transplanted to 3-gallon planters in the greenhouse in January. The ILs and cv M82 were arranged in a randomized block design with four replicates (Supplemental Figure 1, Supplemental Dataset 2). Watering and fertilization proceeded as with the parent lines.

After anthesis in early February, we collected leaf samples in late February according to identical criteria as described above for the parent lines, collecting leaves that were 6–8″ in length. Our growing efforts were successful for all but four ILs (ILs 2.2, 5.3, 7.1, and 8.2).

During the growth period for the ILs, we monitored ambient conditions of the greenhouse that were not under direct control: relative humidity, temperature, pCO2, and δ13CCO2. Daytime temperature and relative humidity were monitored with custom systems integrated with the greenhouse (Argus Control Systems, Ltd.). Temperatures were maintained at approximately 78°F (25.6°C). We installed a Picarro Cavity Ring-Down Spectrometer G2131-i Analyzer in the greenhouse to monitor pCO2 and δ13CCO2; these data were aggregated from 5-min interval measurements (Supplemental Figure 2, Supplemental Dataset 3).

Leaf Harvest and Lipid Extraction

Each sample for lipid extraction consisted of five leaflets (terminal, distal lateral left and right, proximal lateral left and right) from a single leaf of each plant. We measured leaf area from all sample leaflets with a flatbed scanner and ImageJ software (Abràmoff et al., 2004). The collected leaf samples were cut into 1 cm2 pieces, placed into pre-baked 15 mL clear borosilicate vials (Qorpak), and then dried in a 70°C oven for 48 h. We extracted epicuticular waxes from the dried leaf samples by adding 5 mL of hexane (Omni-Solv HR-GC Hexanes 98.5%, VWR International, LLC) and agitating via pumping with a Pasteur pipette. The resulting total lipid extract (TLE) was collected into a pre-baked 15 mL borosilicate vial; the extraction step was repeated three times, and the three extractions were pooled. We evaporated the TLE to dryness with heat (30°C) under a steady stream of nitrogen gas (FlexiVap Work Station, Glas-Col).

To isolate alkanes for analysis, we performed silica gel column chromatography on the dried TLE of each sample. We transferred the TLE with 50 μL of hexane to a silica gel column (5 cm × 4 mm Pasteur pipette packed at the base with a small amount of pre-baked glass wool, which was covered by a thin layer of pre-baked chromatography grade sand and then filled 3–4 cm high with H2O-deactivated silica gel). We collected the alkane fraction by eluting with hexane. The polar compounds retained on the silica gel column were eluted with ethyl acetate and archived.

Leaf Wax Structural Analysis

We analyzed the alkane fractions using an Agilent 7890A gas chomatograph (GC) coupled with a 5975C Series Mass Spectrometric Detector system at Washington University in St. Louis. The GC was equipped with an Agilent J&W HP-5 ms column (30 m long, 0.25 mm inner diameter, 0.25 μm film thickness). The GC oven had an initial temperature of 60°C and was heated at a rate of 6°C/min to a final temperature of 320°C, which was held for 20 min. One sample run lasted approximately 65 min. Alkanes were identified by their mass spectra and quantified against an internal standard (n-hexadecane-d34, 98 atom%, Sigma-Aldrich).

Carbon Isotope Analysis

Compound-specific isotope analyses were performed at Washington University in St. Louis using a GC coupled via a combustion reactor to a Thermo Delta V Plus isotope ratio mass spectrometer. Isotopic compositions were determined relative to an internal n-alkane standard (n-C18 [−31.1‰]) and are reported as
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where Rsamp and Rstnd represent the 13C/12C abundance ratio of the sample and standard, respectively. Delta values are reported in per mil notation (‰) and are expressed relative to Vienna Pee Dee Belemnite (VPDB). All samples were analyzed in triplicate. Externally calibrated sets of standards with n-alkanes (mixture B3 or A5) and fatty acids (mixture F8), provided by A. Schimmelmann (Indiana University), were measured between every fifth sample injection. Analytical uncertainty of reported δ13C values ranges between ±0.2 and 0.3‰ (SEM), dependent on the number of analytical replicates, after propagating the uncertainty of replicate analyses and external molecular standards (Polissar and D'Andrea, 2014; data available on GitHub repository at http://github.com/aldbender/13C-heritability).

Ambient greenhouse CO2 was monitored during growth of the Solanum ILs from December 19, 2013–February 24, 2014, except for the period from January 1–14 when a technical error prevented data collection. For the ILs and cv M82 plants grown simultaneously in the greenhouse, we report the apparent fractionation (ε) to characterize the difference in δ13C between source (i.e., atmospheric CO2) and product (i.e., lipid), which is defined as,
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where δ13C values are calculated as described in Equation 2. As with delta values, epsilon values are reported in per mil notation. Carbon isotope values of lipids from S. pennellii and cv M82 grown during November 2013 are not reported as ε values because the carbon isotopic value of ambient greenhouse CO2 was not recorded during their growth period.

Statistical Modeling and QTL Analysis

Data from all traits measured from the ILs are reported in Supplemental Dataset 3. The R code and data sets used for modeling are available on GitHub at http://github.com/aldbender/13C-heritability. Leaf wax traits measured from the ILs and cv M82 grown simultaneously were modeled using mixed-effect linear models with the lme4 packages (http://CRAN.R-project.org/package=lme4) in R (R Development Core Team, 2015). Before modeling, we compared the measured values against theoretical normally distributed values in a Q-Q plot to check whether the measured values came from a normally distributed population. If a trait deviated from a normal distribution, we transformed the trait by either taking the square root, log, reciprocal, or arcsine of the trait and tested for normality of each transformed population via the Shapiro-Wilk test, using the transformation that resulted in the least deviation from a normal distribution (see Supplemental Dataset 4 for measured trait summaries and selected transformation for each trait). After performing the mixed-effect linear modeling, the normal distribution of residuals in the model was verified. We extracted p-values for significant (p < 0.05) differences between ILs and cv M82 from the models using the pvals.fnc function from the language R package (http://CRAN.R-project.org/package=languageR); these p-values were used to generate the QTL analysis. Broad sense heritability (H2) is defined as the proportion of total phenotypic variance that can be attributed to genetic variation (Futuyma, 1998), as given in the equation:
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where VG is genetic variance and VE is environmental variance. We determined broad-sense heritability values (H2) using the estimates of variance for genetic and environmental effects (here, this includes the block assignment of each plant and the variance of residual effects) that were derived from the mixed-effect linear modeling (see Supplemental Datasets 5 and 6). We categorized H2 values as low (0.0–0.2), intermediate (0.2–0.4), or high (0.4–0.6); a trait with high heritability (closer to 1) generally indicates that genetic factors strongly influence the amount of trait variation.

Hierarchical Clustering of Traits

Hierarchical clustering is used to build nested groupings of traits that are organized based on similarities between sets of trait observations. We performed a correlation analysis of leaf wax traits from this study with traits existing in the phenomics database (Phenom-Networks, www.phenome-networks.com). For each trait in a data set, data were z-score normalized in order to transform all data ranges to a standardized average and standard deviation. Z-scores were averaged across replicates. We performed hierarchical clustering using the hclust function from the stats package in R (R Development Core Team, 2015), clustering by the absolute value of the Pearson correlation coefficient using Ward's minimum variance method. We created a correlation matrix (Spearman) between all traits measured in this study (modeled as described above) and traits from other published studies, as described below. Significance values for correlations were determined and the false discovery rate controlled via the Benjamini-Hochberg method (Benjamini and Hochberg, 1995).

All traits analyzed for hierarchical clustering are divided into five major groups, as determined by the studies from which they are reported and by the phenotype that they measure, following the naming system described by Chitwood et al. (2013). “DEV” refer to leaf morphological and developmental traits as reported by Chitwood et al. (2013). “MET” traits report metabolite levels in the fruit pericarp, as measured by Schauer et al. (2006, 2008). Traits labeled “MOR” as recorded in Schauer et al. (2006, 2008) and Phenom-Networks include traits relevant to yield and morphological measures of fruits and flowers. The “ENZ” traits measure enzymatic activities in the fruit pericarp, as reported by Steinhauser et al. (2011), and “SEED” traits measure metabolite levels in seeds, as derived from Toubiana et al. (2012). Traits described in the present study are termed “WAX” because they relate to leaf waxes.

RESULTS

Compound Distributions and Carbon Isotope Values of Leaf Wax Alkanes

Odd-carbon-numbered n-alkanes in S. pennellii and cv M82 ranged from C27 to C35, with C31 being the most abundant, followed by C33 (Table 1; Figure 2). The prevalence of n-C31 among the leaves of cv M82 and S. pennellii in this study matches that reported from the fruit cuticles of the same plants (Yeats et al., 2012).


Table 1. Leaf wax traits for S. lycopersicum, S. pennellii, and ILs.
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FIGURE 2. Leaf waxes from S. lycopersicum cv M82 and S. pennellii. (A) Average concentration of leaf wax molecules across ten biological replicates normalized to leaf mass, with unbranched (i.e., normal, left) and branched (i.e., iso- and anteiso-, right) alkanes. S. pennellii (blue) contains greater amounts of iso-alkanes than S. lycopersicum cv M82 (orange). Error bars indicate one standard deviation of the mean. (B) Carbon isotope values (δ13C) of n- and iso-alkanes from the most abundant chain lengths (C31 and C33) of S. pennellii (blue) and cv M82 (orange). The pattern of iso- over n-alkane enrichment is consistent between both species. Additionally, δ13C values from S. pennellii (blue) are consistently depleted relative to those from S. lycopersicum cv M82 (orange). Data are from 10 biological replicates analyzed in triplicate; analytical uncertainty ±0.2‰. Error bars represent standard deviation of biological replicates.



Branched alkanes with methyl groups at the iso (second) and anteiso (third) positions are present in measurable quantities among both S. pennellii and cv M82. For each carbon chain length, the iso-alkane precedes the anteiso-alkane, which precedes the n-alkane. For example, for alkanes with 31 carbon molecules, the elution order of alkanes would be i-C31, a-C31, and then n-C31. We compiled concentrations of high-molecular-weight iso-, anteiso-, and n-alkanes in order to quantify variations in alkane distributions. Standard deviations (1σ) for leaf wax traits from cv M82 and S. pennellii are provided in the text below and in Table 1.

We provide the reader with the range of each leaf wax trait value from all ILs in the text and in Table 1. A comprehensive database of leaf wax trait values measured from the ILs is available in Supplemental Dataset 4.

Alkane Methylation

We characterized the prevalence of branched (iso- and anteiso-) alkanes for each sample by calculating the methylation index (a novel measure of this study). Here, we define the methylation index as the relative abundance of branched alkanes to the total sum of branched and n-alkanes, expressed as
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where Cn is the concentration of each iso-, anteiso-, or n-alkane with n carbon atoms. A methylation index of 0 indicates that only n-alkanes are present, whereas a methylation index of 1 would indicate that there are only iso- and anteiso-alkanes present.

The average methylation indices across 10 biological replicates are 0.15 ± 0.02 for cv M82 and 0.50 ± 0.04 for S. pennellii (Table 1), indicating that S. pennellii has a greater proportion of branched: normal alkanes than cv M82. This difference is driven by the higher percentage of iso-alkanes in S. pennellii (43.6 ± 2.6‰ in S. pennellii versus 8.8 ± 0.7‰ in cv M82; Table 1, Figure 2A). The percent of anteiso-alkanes is indistinguishable between the two species.

Methylation indices for the ILs range from 0.07 to 0.28 (Table 1 and Supplemental Figure 4), with an average value of 0.14. The percentages of anteiso- and iso-alkanes range from 2.8 to 15.7% and from 3.3 to 13.1%, respectively. Although S. pennellii has a greater percentage of iso-alkanes (43.6 ± 2.6%) than any IL, many ILs have a higher percentage of anteiso-alkanes than both S. pennellii and cv M82.

Structural Traits

There is a strong odd-over-even predominance among leaf wax n-alkanes of S. pennellii and cv M82, which matches previous observations (Eglinton and Hamilton, 1967; Lockheart et al., 1997). The odd-over-even prevalence of iso-alkanes and even-over-odd prevalence of anteiso-alkanes is consistent with observations of branched alkanes from Micromeria plants (Reddy et al., 2000). Carbon preference indices (CPIs) were used to assess the odd-over-even dominance of each sample, as calculated after Marzi et al. (1993):
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where Cn represents the concentration of each alkane with n carbon atoms. CPIs were calculated independently for n-, iso-, and anteiso-alkanes.

The anteiso-alkanes were primarily even-numbered, whereas the iso-alkanes had a predominantly odd-numbered distribution, which is similar to patterns previously reported (Kolattukudy, 1969; Reddy et al., 2000). cv M82 and S. pennellii had average n-alkane CPIs of 10.4 ± 0.4 and 11.2 ± 1.3, respectively (Table 1). The anteiso-alkane CPIs were 0.0 ± 0.1 for cv M82 and 0.0 ± 0.0 for S. pennellii. The iso-alkane CPIs were 10.2 ± 0.6 for cv M82 and 19.4 ± 2.5 for S. pennellii. Among the ILs, the n-alkane CPIs ranged from 9.6 to 17.4, the anteiso-alkane CPIs ranged from 0.0 to 0.4, and the iso-alkane CPIs ranged from 5.8 to 21.2 (Supplemental Figure 5, Table 1).

To test genetic differences in average chain lengths (ACLs) among the parent lines and the ILs, we calculated the weighted average of the carbon chain lengths after Freeman and Pancost (2014), defined as:
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We calculated ACL for chain lengths C27–C35, including both odd- and even-numbered alkanes in the ACLs. ACLs were calculated separately for n-, iso-, and anteiso-alkanes.

cv M82 and S. pennellii had identical n-alkane ACLs (31.5 ± 0.0 and 31.5 ± 0.1, respectively). The anteiso-alkane ACLs were 32.1 ± 0.0 for cv M82 and 32.2 ± 0.0 for S. pennellii. The iso-alkane ACLs were identical for both cv M82 and S. pennellii (31.8 ± 0.1). Among the ILs, n-alkane ACLs varied from 31.0 to 31.8, anteiso-alkane ACLs ranged from 31.9 to 32.3, and iso-alkane ACLs varied from 31.1 and 32.3 (Supplemental Figure 6, Table 1).

Carbon Isotopes

The n-alkanes were depleted in 13C relative to the iso-alkanes for chain lengths C31 and C33 for both cv M82 and S. pennellii (Figure 2B, Table 1), which is consistent with the pattern observed by Grice et al. (2008). We report the magnitude of the 13C depletion between n- and iso-alkanes of the same carbon numbers as δn – δiso:
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For C31 alkanes, δn – δiso was −1.4 ± 0.5‰ for cv M82 and −1.4 ± 0.3‰ for S. pennellii. For C33 alkanes, δn–δiso was −1.2 ± 0.4‰ for cv M82 and −1.2 ± 0.5‰ for S. pennellii (Table 1). Alkanes from S. pennellii are consistently depleted in 13C relative to those of cv M82. Isotopic mass balance calculations for the four major alkanes (i-C31, n-C31, i-C33, and n-C33), which comprise 84 ± 0.2% of all alkane mass measured, indicate that the average δ13C values for carbon incorporated in the leaf waxes is −36.9 ± 0.9‰ for cv M82 and −39.9 ± 1.0‰ for S. pennellii.

During the IL growth period, the average daily CO2 δ13C values ranged from −18.0 to −14.7‰ (Supplemental Figure 2, Supplementary Dataset 3). We calculated the mean δ13CCO2 during this period as −16.4‰; this value was used to calculate apparent fractionation, ε, according to Equation 3.

From the plants of cv M82 grown simultaneously with the ILs, the ε-values of iso-alkanes (−16.4 ± 1.9‰ for i-C31, −16.2 ± 1.9‰ for i-C33) were enriched over the ε-values of n-alkanes (−18.1 ± 2.2‰ for n-C31 and −17.6 ± 2.1‰ for n-C33, Table 1). ε values from the ILs ranged from −21.6 to −12.9‰ (i-C31), −23.9 to −14.3‰ (n-C31), −21.3 to −13.2‰ (i-C33), and −23.7 to −13.8‰ (n-C33), maintaining the same pattern of iso- over n-alkane 13C enrichment. Among the ILs, the magnitude of this difference (δn–δiso) varies from −0.3 to −4.0‰ for C31 alkanes and from −0.2 to −3.3‰ for C33 alkanes.

Heritability

We modeled the suite of IL leaf wax trait values to estimate the influence of genetic factors over these traits in the population of the IL plants and cv M82. Broad-sense heritability values (H2; Table 1 and Figure 3) for the leaf wax traits ranged from low (H2 = 0.13) to intermediate (0.39). The percentage of anteiso- (H2 = 0.39) and iso-alkanes (0.37) were of intermediate heritability, as were the δn–δiso values for C31 (0.39) and C33 (0.32). The methylation index was also of intermediate heritability (H2 = 0.35). Traditional structural traits were also of intermediate heritability: CPI for n-alkanes (H2 = 0.31), anteiso-alkanes (0.27), and iso-alkanes (0.22), as well as ACL for n-alkanes (0.31), anteiso-alkanes (0.28), and iso-alkanes (0.26). The ε values of individual alkane molecules were of low heritability (H2 = 0.19 for i-C31, 0.18 for n-C31, 0.18 for n-C33, and 0.13 for i-C33).
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FIGURE 3. Broad-sense heritability for leaf wax traits. Colors denote traits with intermediate (yellow, 0.2 ≤ H2 < 0.4), and low (green, H2 < 0.2) heritability values. All traits were measured from plants grown under greenhouse conditions in early 2014, St. Louis MO. The majority of leaf wax traits have intermediate heritability values. The apparent fractionations of individual alkanes (ε values) have low heritability values.



Detected QTL

In order to detect QTL for each leaf wax trait, we determined which ILs had a trait value that was significantly different from the trait value of cv M82. We identified 156 QTL in which a distinction at a significance level of p < 0.05 was detected (Figure 4, Supplemental Table 1). Of these, 33 QTL were transgressive in the direction of S. pennellii (i.e., the trait value was outside of the range between cv M82 and S. pennellii in the direction of S. pennellii) and 30 were transgressive beyond cv M82. Some ILs have trait values outside of the range of the parents (i.e., are transgressive) due to epistasis, or non-linear interactions between genetic loci, which can lead to non-additive effects among the traits of the ILs. Epistasis manifests because of novel combinations of genes within the ILs. The remainder of the QTL had trait values that were intermediate between the bounds of the trait defined by the two parent strains. One trait, δn – δiso for C33, had no significant QTL.
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FIGURE 4. Detected leaf wax QTL. Shown are QTL with p < 0.05, as calculated from mixed-effect linear models for deviation of ILs from cv M82. In total, 139 QTL were detected. Traits are grouped by type: from left to right, methylation traits, structural traits, and carbon isotope traits.



QTL Regulating Alkane Methylation

Quantitative trait loci (QTL) analysis may help to explain the genetic basis of variation in alkane methylation between S. pennellii and cv M82. S. pennellii had a greater methylation index (0.50) than any IL (varied from 0.07 to 0.28; Table 1). Of the 11 QTL of methylation index, none were transgressive beyond S. pennellii or cv M82 (Figure 4, Supplemental Table 1, Supplemental Figure 4). Of the 9 QTL for percent of iso-alkanes (Figure 4, Supplemental Table 1), one QTL was transgressive beyond cv M82 (IL 8-1). For the percent of anteiso-alkanes, there were 10 QTL transgressive beyond S. pennellii and 1 QTL transgressive in the direction of S. lycopersicum (IL 7-5-5).

Some QTL were identified for multiple alkane methylation traits. IL 3-2 displayed the most significant increase in branched alkane production across three biological replicates, with an average methylation index of 0.26, 10.2% iso-alkanes, and 11.3% anteiso-alkanes. IL 1-1-2 had an average methylation index of 0.18, 8.9% iso-alkanes, and 9.3% anteiso-alkanes. From IL 1-1-3, we measured a methylation index of 0.20 and 10.5% iso-alkanes. IL 9-3-2 had a methylation index of 0.18 and 10.9% anteiso-alkanes. IL 7-4 had a methylation index of 0.18 and 9.7% anteiso-alkanes. ILs 4-3, 6-4, and 10-3 had identical methylation indices of 0.17, and 11.8, 9.0, and 9.5% anteiso-alkanes, respectively.

QTL Regulating CPI and ACL

Thirty-three QTL were identified for CPIs: 7 for n-alkane CPIs, 19 for iso-alkane CPIs, and 7 for anteiso-alkane CPIs (Figure 4, Supplemental Table 1). For n-alkanes, the 7 QTLs were transgressive beyond cv M82. For the iso-alkane and anteiso-alkanes CPIs, no QTL were transgressive beyond S. pennellii or cv M82.

Thirty-nine QTL were identified for the three types of ACL: 7 for n-alkane ACLs, 15 for iso-alkane ACLs, and 17 for anteiso-alkane ACLs (Figure 4, Supplemental Table 1). Among n-alkane ACLs, 1 QTL was transgressive beyond S. pennellii and four QTL were transgressive beyond cv M82. Fourteen of the QTL for iso-alkane ACLs were transgressive in the direction of S. pennellii. For the anteiso-alkane ACLs, 9 QTL were transgressive beyond cv M82.

QTL Regulating Carbon Isotopic Fractionation

We identified 54 QTL for the carbon isotope traits measured in this study: 16 for ε i-C31 values, 11 for ε i-C33, 10 for ε n-C31, 11 for ε n-C33, 6 for δn – δiso (C31), and 0 for δn – δiso (C33) (Figure 4, Supplemental Table 1). For all of the measured ε values, 1 common QTL was transgressive beyond S. pennellii: IL 2-1. For ε n-C31, 2 additional QTL were transgressive beyond S. pennellii. Multiple QTL overlapped across all ε values: IL 1-1, 2-1, 3-5, 8-3-1, 9-3, 9-3-1, and 12-4-1. For the 6 QTL of δn – δiso (C31), 2 were transgressive toward S. pennellii and 4 were transgressive toward S. lycopersicum.

Hierarchical Clustering

Clustering and Correlations among Leaf Wax Traits

The clustering of leaf wax traits reveals similarities between the sets of trait measurements (Figure 5; Supplemental Dataset 7). Hierarchical clustering of wax traits grouped the apparent fractionation values (ε) together. All of the ACL traits (n-, iso, and anteiso-alkanes) clustered together. CPIs for iso-alkanes clustered with the percent of iso-alkanes, which co-clustered with the CPI of n-alkanes. The carbon isotopic differences between n- and iso-alkanes (δn – δiso) clustered with each other. The methylation index and percent of anteiso-alkanes clustered together, and co-clustered with the CPI of anteiso-alkanes.
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FIGURE 5. Hierarchical clustering and correlation of leaf wax traits. Hierarchical clustering and heat map of leaf wax traits measured in this study with each other. The upper quadrant shows correlation p-values; gray indicates non-significant p-values (p > 0.05), whereas the spectrum of orange to purple colors designate p-values ranging from less to more significant, respectively. The lower quadrant indicates Spearman's ρ values in red (negative), white (neutral), and green (positive). The p-values and ρ values used to generate this figure are available in Supplemental Dataset 7.



Numerous structural leaf wax traits were significantly correlated with each other based on multiple test-adjusted p-values and Spearman's ρ correlation coefficient. Among the CPIs, CPI of anteiso-alkanes correlated negatively with the CPI of iso-alkanes (p = 0.047, ρ = −0.28). The CPIs of iso-alkanes correlated positively with the percent of iso-alkanes (p = 0.002, ρ = 0.41). The CPIs of n-alkanes were negatively correlated with each of the methylation traits (methylation index, percent of iso- and anteiso-alkanes). The ACL of n-alkanes was positively correlated with iso- (p < 0.001, ρ = 0.82) and anteiso-alkanes (p < 0.001, ρ = 0.50). The ACL of iso- and anteiso-alkanes were negatively correlated with the percent of anteiso-alkanes. All ACL values were negatively correlated with the percent of anteiso-alkanes: with ACL values of n- (p = 0.025, ρ = −0.31), iso- (p = 0.003, ρ = -0.39), and anteiso-alkanes (p = 0.027, ρ = −0.30).

The methylation index was positively correlated with the percent of iso- and anteiso-alkanes and with the values of δn – δiso for both C31 and C33, but negatively correlated with ACL of iso-alkanes. The percent of anteiso-alkanes correlated positively with δn – δiso values of C31 and negatively with δn – δiso values of C33. The ε values of all alkanes correlated positively with the CPI of iso-alkanes, and the ε values of all alkanes except n-C33 correlated positively with the percent of iso-alkanes. Most of the carbon isotopic traits significantly correlated with each other, except for δn – δiso (C33) with ε i-C31 and ε i-C33. The ε values were positively correlated with each other; the ε values of n-C31 and n-C33 were positively correlated with the δn – δiso values of C31, but negatively correlated with the δn – δiso values of C33 (see Supplemental Dataset 7 for p and ρ values).

Clustering and Correlations of Leaf Wax Traits with Traits from Previous Studies

The traits measured in previous studies that clustered with WAX traits (Figure 6; Supplemental Figure 3) may contain information about the relevance of leaf wax traits to plant metabolism, yield, and developmental leaf traits. The CPIs for n-alkanes clustered with the enzymatic activity of succinyl-coenzyme A ligase in the fruit pericarp, and co-clustered with levels of uracil in the fruit pericarp and with activity levels of starch in the fruit pericarp (Schauer et al., 2006, 2008; Steinhauser et al., 2011). The percentage and CPI values of iso-alkanes co-clustered with enzymatic activity of invertase and glucokinase in the fruit pericarp (Steinhauser et al., 2011).
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FIGURE 6. Hierarchical clustering and correlation of leaf wax traits with previously measured IL traits. Hierarchical clustering of leaf wax traits from this study with traits measured in previous studies (see close-up of the hierarchical clustering in Supplemental Figure 3). WAX (green) are leaf wax traits from this study; DEV (black), leaf developmental traits from Chitwood et al. (2013); MOR (pink), entire-plant, yield, and reproductive morphological traits from Schauer et al. (2006, 2008); MET (blue), metabolic traits from the two previous studies; ENZ (yellow), enzymatic activities from Steinhauser et al. (2011); SEED (orange), seed metabolites as measured by Toubiana et al. (2012). Hierarchical clustering is based on absolute correlation values. The upper quadrant shows significant correlations (p < 0.05) between traits after multiple test adjustment, shown in black. The lower quadrant indicates Spearman's ρ values in red (negative), white (neutral), and green (positive). The p-values and ρ values used to generate this figure are available in Supplemental Dataset 8.



Multiple leaf wax traits from this study correlated significantly with traits measured in previous S. pennellii IL studies based on multiple test-adjusted p-values and Spearman's ρ correlation coefficient (Figure 6; Supplemental Dataset 8); a few correlations are highlighted below. ACLs for anteiso-alkanes positively correlated with aconitase (p = 0.040, ρ = 0.34) enzymatic activity within the fruit pericarp (Steinhauser et al., 2011), which might be related to the synthesis of anteiso-alkanes (Grice et al., 2008). ACLs for n- and iso-alkanes positively correlated with enzymatic activities of glyceraldehyde 3-phosphate dehydrogenase (GADPH; for n-alkane ACL, p = 0.013, ρ = 0.39; for iso-alkane ACL, p = 0.039, ρ = 0.34; Steinhauser et al., 2011) within the fruit pericarp, which serves as a catalyst during glycolysis. iso-Alkane ACLs positively correlated with metabolite levels of glutamate within seeds (p = 0.033, ρ = 0.36; Toubiana et al., 2012), an amino acid used to synthesize proteins.

DISCUSSION

Results from QTL analysis may help to explain the genetic basis of variation in leaf wax traits between S. pennellii and cv M82. As evidenced by the multiple QTL identified for nearly all leaf wax traits in this study (except for δn – δiso of C33; Figure 4, Supplemental Table 1), large portions of the genome contribute to natural variation in many leaf wax traits, suggesting that these traits are polygenic. This pattern is similar to that observed in leaflet serration (Chitwood et al., 2013), for example. Each of the loci affecting these traits contains a large number of genes; identifying these loci is a first step in identifying candidate genes that are involved in modulating these plant wax traits. The QTL mapping also provides a blueprint for identifying genetic mechanisms tied to variability in these plant wax traits, and the genetic basis of trait evolution (Conner and Hartl, 2004).

Alkane Methylation

Solanum pennellii had a far greater methylation index and percentage of iso-alkanes than any IL (Table 1). All methylation traits were of intermediate heritability (Figure 3), indicating that these traits are moderately influenced by genetic controls. ILs 1-1-2, 1-1-3, 1-4, and 3-2 contributed the largest effects to the alkane methylation phenotypes, with QTL for both methylation indices and percentages of iso-alkanes (Figure 4; Supplemental Table 1). The variation among the QTL for methylation traits may be attributed to the variation induced by the genetic loci of the ILs. The correlations in the QTL observed for methylation and for other leaf wax traits (Figure 5; Supplemental Dataset 7) may be informative in generating hypotheses about the physiological function of methylated alkanes. For example, the negative correlations between all methylation traits (i.e., methylation index and percentages of iso- and anteiso-alkanes) with CPI of n-alkanes might indicate a physiological connection between a lower odd-over-even predominance of n-alkanes (i.e., greater concentration of even-numbered n-alkanes) and a higher concentration of methylated alkanes.

Structural Traits

Numerous studies have revealed correlations between n-alkane chain lengths and climatic variables such as temperature and humidity, as well as to the plant sources of the n-alkanes (e.g., Bush and McInerney, 2013 and references therein). Given this correlation, one might expect ACLs to be different in plants that are adapted to different hydrological regimes (e.g., S. pennellii and cv M82) and for ACLs to be of low heritability. Instead, we observed nearly identical ACLs between S. pennellii and cv M82 (Table 1) and ACLs that are of intermediate heritability (Figure 3), suggesting a high degree of genetic control over their alkane chain-length distributions. Alkane distributions are potentially very conserved traits among these Solanum species. If this pattern generalizes to other groups, it suggests that variations in sedimentary ACLs may be due to the changes in plant assemblages rather than phenotypic plasticity of individual lineages.

Carbon Isotopes

The ε-values for the four primary alkanes in this study had low broad-sense heritability values (Figure 3). A previous study into the bulk carbon isotopic composition of Arabidopsis thaliana grown in controlled growth chambers measured high heritability for bulk leaf δ13C values (H2 = 0.67; Easlon et al., 2014). The lower heritability found among δ13C of wax in this study may reflect more variable environmental conditions in the greenhouse relative to a growth chamber, more variable response to the greenhouse environment, or a biological difference between Arabidopsis and Solanum. It may also reflect that waxes are a more environmentally sensitive phenotype than bulk leaf δ13C. Broad-sense heritability is specific to the population and environment, thus the difference between these two results is not unexpected.

We observed that alkanes derived from S. pennellii were more depleted in 13C than those from cv M82 (Figure 2), with a consistent offset in δ13C values of about 3‰. The average daily δ13CCO2 values within the greenhouse varied by 1.7‰ during the end of the growth period of the parent lines (December 19–January 3; Supplemental Figure 2, Supplemental Dataset 3). Our sampling procedure collected young leaf material simultaneously from all plants, minimizing potential differences imposed by timing of growth. The isotopic difference between the two parent strains is likely to derive from biological variables that are not yet quantified. Possibilities for this difference include timing of wax synthesis, differences in WUE, or other responses to light, water, or nutrients. Examination of differences among the ILs can be informative. For example, WUE relates to stomatal conductance (Farquhar et al., 1989; Easlon et al., 2014). However, we did not find any significant correlations between δ13C in this study and previous estimates of stomatal density (Chitwood et al., 2013).

Every plant in this study produced iso-alkanes that were enriched in 13C relative to n-alkanes, expressed here as δn–δiso. The enrichment of iso- over n-alkanes was treated as a quantitative trait, and was of intermediate heritability (H2 = 0.38 for C31 alkanes and H2 = 0.32 for C33 alkanes; Figure 3). The variability of isotopic enrichment of iso-alkanes was more heritable than the apparent fractionation. The stronger genetic control on the difference between alkanes suggests a mechanism that relates to biosynthesis. Reddy et al. (2000) noted no apparent differences in δ13C values between normal and branched alkanes in their study of four species of Micromeria. However, the enrichment pattern observed in this study is consistent with that reported by Grice et al. (2008), who recorded that iso-alkanes were enriched by 0–1.8‰ over n-alkanes in Nicotiana tabacum (tobacco) plants. This enrichment pattern is attributed to different biosynthetic precursors for iso- versus n-alkanes (i.e., valine for iso- and pyruvate for n-alkanes; Kolattukudy, 1969; Grice et al., 2008). Levels of valine and pyruvate have previously been measured from both the fruits (Schauer et al., 2006, 2008) and seeds (Toubiana et al., 2012) of the S. pennellii ILs; however, these traits do not significantly correlate with any WAX traits in this study.

IMPLICATIONS FOR INTERPRETING SEDIMENTARY PLANT WAXES

Carbon isotope values (δ13C) of plant materials from sediments have many applications: identifying ecosystems dominated by C3 versus C4 plants, distinguishing inputs from conifers and angiosperms, reflecting water availability, and reconstructing changes in the ancient carbon cycle. Within populations, δ13C is positively correlated with WUE of plants (e.g., Ehleringer and Cooper, 1988; Farquhar et al., 1989; Seibt et al., 2008; Easlon et al., 2014), which can plastically respond to changing local rainfall and humidity. An implicit assumption for using δ13C values to interpret changes in WUE is that the δ13C alkane signal is dominated by environmental rather than genetic information. By examining this assumption, we have quantified the degree to which the δ13C values of leaf waxes measured from plants in this study are influenced by environmental variance (H2 ranges from 0.13 to 0.19). Our study reveals that genetic variance plays a limited role in driving variation of leaf wax carbon isotopic values among Solanum plants, and is consistent with the interpretation that variation in the δ13C of wax compounds, as recorded in sediments, is largely driven by paleoenvironmental changes. These findings do not bear on ecosystem changes that substitute one strong genetic control for another—such as changes in the input of C3 versus C4 plants, or of conifers and angiosperms. Instead, this study places constraints on the extent to which the variance in δ13C in a group of plants is under genetic control. The QTL and statistical approaches we have used were developed by plant scientists to try to understand genetic signals in the presence of environmental noise. Geochemists implicitly take the opposite approach, attempting to extract environmental signals from the variance of continuously varying traits under both genetic and environmental control. In this environment and with this set of plants, genetics contributed up to 20% of the total variance observed from δ13C among leaf waxes. It remains to be determined whether other plants in other environments show similar amounts of variance, but this study represents the first attempt to constrain these sources of variance.

Variation in alkane methylation traits in this study was largely influenced by genetic variation. The presence of branched alkanes in the sedimentary record might lend itself to chemotaxonomic applications, but it is unlikely that any of the branched alkane-producing plants are significant global contributors to terrestrial soil organic matter. However, regional chemotaxonomic applications of branched alkanes have proved useful. For example, Pautler et al. (2014) identified that an Arctic chickweed contributed to sedimentary organic matter based on the presence of branched alkanes. Fukushima et al. (2005) used the presence of anteiso compounds to suggest a local proxy for lake acidification. Branched alkanes and the methylation index can be more useful for chemotaxonomic applications on a regional level. The fact that variation in these traits may be under strong genetic control may provide an opportunity for the deconvolution of genetic and environmental influences in the sedimentary record, in cases where branched alkanes are present.

Given the correlations between n-alkane chain lengths and climatic variables such as temperature and humidity, one might expect ACLs to be primarily influenced by environmental cues. Rather, we measured ACLs that were of intermediate heritability (0.30), suggesting a strong degree of genetic influence over alkane chain-length distributions. Within the Solanum plants of this study, we observed nearly constant ACLs. Strong genetic control implies that correlations of ACL in sedimentary alkanes with environmental variables may be a consequence of changing populations, rather than phenotypic changes within populations in response to environmental change.

The n-alkane hydrogen isotope proxy (δ2H) is assumed to record environmental information with minimal complications introduced from genetic variability. Thus, the environmental controls are assumed to be dominant over phenotypic variability. A future report will present results that examine this assumption under controlled conditions using this set of model organisms, and thus quantify the relative proportions of genetic and environmental influences over leaf wax δ2H values.
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