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ABSTRACT 

Epicuticular wax (EW) forms the outermost layer over aerial portions of a plant 

EW has been studied in plants for more than 100 years, yet there is a great deal that is 

still not known about epicuticular wax. The work in this dissertation has taken a broad 

view in investigating EW of Arabidopsis thaliana. In this dissertation I examined EW 

chemistry, EW structure, and mapped positions of existing and novel eceriferum or cer 

mutants. Additionally, I worked to develop new EW pathway models, establish 

correlations between EW chemistry and structure, and examine a possible flmctional role 

for EW in insect interactions. More specifically this dissertation project has attempted to 

expand the baseline knowledge of EW and of EW mutants in A. thaliana. 
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INTRODUCTION TO DISSERTATION 

1. EPICUnCULAR WAXES (EW) mArabidopsis thaliana 

1.1. Dissertation Objectives 

This dissertation has attempted to expand the baseline imowledge of E W in A. 

thaliana in four areas; (1) a study of EW across A. thaliana ecotypes, (2) more thorough 

phenotype analyses of the EW mutants of^. thaliana, (3) analysis of the correlation 

between EW structures and chemistry, and (4) an examination of the role E W plays in 

plant-aphid interactions. This has been done by defining the variation and the production 

of an average wild-type stem chemical profile fium 40 ecotypes, analyzing and 

classifying the crystalline structures that are found on A. thaliana wild-types and mutants, 

characterizing the leaf and stem EW chemistry of 11 cer mutants, correlating EW 

chemistry with structure in A. thaliana, defining 3 new cer loci, mapping these new cer 

mutants to specific chromosomal positions along with 11 previously immapped cer 

mutants, refining and redefining the EW formation pathway using more detailed chemical 

Hqta of single and double cer mutants, specifically defining the mutations for cer 1.2,3 and 

4 and their predicted gene products based on chemical data, and identifying that some 

components of EW or EW mixtures can alter aphid walking, probing behavior and likely 

aphid fecundity. 

1.2. Historical Background on EW Research 

The earliest reports on the plant cuticle appeared in the 18"" century, but it wasn't 

until Brongniart's reports in 1830 and 1834 that the existence of a cuticle was widely 

accepted (Martin and Jimiper, 1970). Studies examining the wax covering the cuticle of 

the plant, later designated EW, were rare in the 19^^ century until de Bary published in 
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1871. A sximmary and further extension his own and other wax studies prior to 1884 was 

published in de Barys often cited 1884 woric. 

1.2.1. EW Structure 

De Bary (1884), using light microscopy, physically described the wax coatings of 

over 60 species and groiq)ed them into four major classes of wax structures; strata or 

crusts, rod-like coverings, simple granular layers, and aggregated coverings. Since de 

Barys initial report there have been many attempts to structurally classify wax structures 

that were greatly aided by X-ray diffraction techniques and scanning electron microscopy 

(SEM). Baker (1982) presents an excellent sununary of this work through 1980. In 

Baker (1982), wax structures, which have been examined in many different species using 

SEM, are generally placed into three categories: plates, tubes, and other structures. From 

this work it appears that plates and tubes comprise a majority of all wax structures found 

on plants. Less frequently found wax structure categories includes ribbons, rods or 

rodlets, filaments, and dendrites. Additionally, what de Bary called strata or crusts are 

referred as a wax amorphous layer by Baker (1982) and in all subsequent literature. 

However, Baker (1982) doesn't believe, like de Bary, that the amorphous layer is a 

particular form of wax covering; instead he believes that the amorphous layer is always 

present on the aerial surfaces of plants and that other wax structures may or may not be 

"superimposed" upon this layer. There have also been vast surveys of wax structures 

across many plant families (Fr5lich and Barthlott, 1988). These surveys, however, while 

somewhat informative, were not thoroughly replicated and don't account for differences 

due to plant age, tissue, or environmental conditions. Apart from these surveys, after 

1980, many researchers switched fix)m examining the wax structures of different species 

to examining wax mutants within a species (Koomneef et al., 1989; Avato et al., 1984, 
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Avato, 1987). In these p^ers there are a few examples of wax structures being described 

under new names such as star-like from maize or loofah-like from Brassicae genus 

members, yet these are very similar to the previously described plate and tube structures 

respectively, and for the most part these are not novel forms from what Baker and de 

Bary had summarized. In the last ten years. Dr. Gulz has continued to examine the wax 

structures on various species and has found a few novel structural types, but for the most 

part structures are of the tj^es described in Baker (1982) as summarized in Gulz (1994). 

1.2.2. EW Chemistry 

The chemical composition of waxes was unknown until the start of the 20^ '̂ 

century. Much of the detailed analysis of the entire chemical constituents of plant waxes 

was conducted by Chibnall, Piper, and colleagues in the early 1930's and is summarized 

in Martin and Juniper (1970). These early studies found mostly n-alkanes of odd carbon 

chain length from 29 to 33 and primary alcohols of even carbon chain length from 26 to 

32, although there were often secondary alcohols or ketones of chain lengths 

corresponding to the n-alkanes and fatty acids of similar chain lengths to the primary 

alcohols (Martin and Juniper, 1970). While there have been hundreds if not thousands of 

studies on the chemical composition of plant waxes, such studies were greatly improved 

by the use of thin layer chromatography (TLC) and later gas chromatography (GC). 

Over the 40 years following Chibnall and Piper's work, many new chemical 

constituents were identified in plant waxes. Wax is now known to be composed of fatty 

acids, aldehydes, primary alcohols, esters, alkanes, ketones, secondary alcohols, B-

diketones, alkenes, branched hydrocarbons, triterpenoids including amyrins, flavonoids 

and other cyclic compoimds (Martin and Jimiper, 1970). Additionally, the components 

which were thought to be mostly of either even chain length or odd chain length forms. 
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such as primary alcohols and alkanes, respectively, are now also foimd, or known to exist 

in both forms for each constituent (Martin and Juniper, 1970). Baker (1982) summarizes 

all the chemical studies published before 1980. Some new compounds were found in 

waxes between 1970 and 1980, but they were mostly novel chain lengths of previously 

identified constituents or rare compoimds (Baker, 1982). Baker (1982) presents a table 

with the chain length range of each class of straight chain compoimds along with their 

most commonly found forms. Chain lengths of fatty acids, aldehydes and primary 

alcohols range fix)m 12 to 32 carbons, with the 26,28, and 30 carbon lengths 

predominating. Chain lengths of n-alkanes, secondary alcohols, and ketones range from 

17 to 35, with 29, 31, and 33 predominating. A recent review of waxes (Kolattukudy, 

1996) presents only minor changes to these ranges and to the dominating compound 

chain lengths. 

Unfortunately in many of these chemical studies there has been inadequate 

replication of samples and a disregard for plant age, environmental growth conditions and 

wax extraction methods. In all, only approximately 100 different plant species have been 

sampled in studies where more than one chemical component of the wax has been 

adequately reported (Riederer and MaricstSdter, 1996). 

1.2.3. EW Biosynthesis 

Theories on the biosynthesis of wax compounds began to appear soon after the 

chemical identification of more than one compound in a single wax layer. The first 

report comes in 1929 from Channon and Chibnall who isolated both nonacosane and 

nonacosan-15-one from cabbage wax. They believed that these structurally similar 

compounds were also metabolically related and proposed the first wax biosynthetic 

pathway. Additionally, Channon and Chibnall (1929) suggested that two molecules of 
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pentadecanoic acid were condensed and then decarfooxyiated to form nonacosan>15-one 

that could further be reduced to nonacosane. This pathway was further modified in 1934 

by Chibnall and Piper to include nonacosan-15-ol, which had been found in the wax from 

another Brassica species, as an intermediate compound in the reduction from the ketone 

to the alkane, or paraffin as it was referred to then (Martin and Jimiper, 1970). The major 

problem in arriving at this pathway of short chain fatty acid condensation followed by 

and decarbonylation to a ketone, then a secondary alcohol and alkane by subsequent 

reductions was that even carbon length short chain fatty acids, such as pentadecanoic 

acid, had not been identified in any wax samples examined (Martin and Juniper, 1970). 

The lack of pentadecanoic acid detection and the additional chemical analysis of a 

niraiber of plant species that yielded primary alcohols and fatty acids as the only even 

chain length compounds and alkanes, and secondary alcohols and ketones as the only odd 

chain length compounds led Chibnall and Piper to suggest a different biosynthetic 

pathway. They proposed that a long chain length saturated fatty acid was oxidized to 

yield a B-keto acid. The 6-keto acid could either undergo hydrolysis to yield a two 

carbon shorter fatty acid, which could be oxidized to form a primary alcohol, or the B-

keto acid could be decarboxylated to a one carbon shorter methyl ketone, which could be 

reduced to form an alkane. This pathway explained both the odd and even chain length 

components in wax and was generally accepted as correct. By 1959, Martin and Stumpf, 

however, discovered an a-oxidation mechanism that could explain how pentadecanoic 

acid could be produced such that a condensation method now had to be considered for the 

biosynthesis of nonacosane (Martin and Juniper, 1970). Additionally, the elongation of 

fatty acids by an acetyl-CoA co-enzyme is confirmed by Matsuda (1962), aroimd the 

same time using radiolabeled carbon-14 acetate (Martin and Juniper, 1970). In the 1960s 

radiolabeled compounds as well as chemical inhibitors of wax production became readily 
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used in the elucidation of the wax biosynthetic pathway. One of the major researchers 

who made use of these compounds was Kolattukudy. In nine papers between 1965 and 

1968, Kolattukudy convincingly provides evidence for four major pathway steps: (1) 

fatty acids are elongated two carbons at a time from palmitic acid, 16 carbons in length to 

the 30 carbon fatty acid; (2) odd chain length alkanes appear to be formed from the 

decarbonylation of fatty acids; (3) head to head condensation of short chain fatty acids to 

produce alkanes is highly unlikely; and (4) secondary alcohols and ketones appear not to 

be intermediates in aUcane formation (Martin and Jimiper, 1970). 

Kolattukudy (1971) was also directly involved in performing the enzymology that 

showed aldehydes could be an intermediate between fatty acid reduction to primary 

alcohols. Later Cheesbrough and Kolattukudy showed that the alkane fraction was 

actually produced in a previously unknown enzymatic reaction, the decarboxylation of an 

aldehyde precursor. There is a large body of literature that has focused on the 

mechanisms of fatty acid elongation and has been reviewed by von Wettstein-Knowles 

(1995), but is beyond the scope of this introduction. The result of this work has been the 

elucidation of two separate fatty acid elongation mechanisms, an acyl and a p-ketoacyl 

mechanism. The acyl and P-ketoacyl elongation systems both add two carbons in a 

condensation-elongation mechanism, while the acyl system produces primarily 

unbranched, saturated fatty acids, the P-ketoacyl system produces p-ketolated fatty acids 

resulting in p-diketones (von Wettstein-Knowles, 1995). Interestingly, some plant 

species such as barley contain both elongation systems, while most studied systems 

contain only the acyl system (von Wettstein-Knowles, 1995). Since Kolattukudy (1971), 

very little work has been done on the enzymatic reduction of fatty acids to aldehydes and 

subsequently to primary alcohols. This branch of the EW pathway (fatty acid reduction 

to aldehyde and aldehyde reduction to primary alcohol) was believed to be accurate based 
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primarily on Kolattukudy's 1971 study and two mutants in A. thaliana, cerlaoA. cer4 

with greatly reduced levels of primary alcohols and increased levels of aldehydes 

(Bianchi et al., 1978; McNevin et al., 1993). However, a recent study of a fatty acid 

reductase revealed that fatty acids could be directly reduced to primary alcohols without a 

free aldehyde intermediate (Vioque and Kolattukudy, 1997). This result, along with a 

more detailed examination of cerl and cer4 suggests that this later enzymatic pathway is 

most likely occurring in A. thaliana (Vioque and Kolattukudy, 1997 and Rashotte and 

Feldmann, in preparation). There has been more extensive enzymological analyses 

conducted on the conversion of aldehydes to alkanes, alkanes to secondary alcohols, and 

secondary alcohols to ketones, as reviewed in von Wettstein-Knowles (1995). The 

conversion of aldehydes to alkanes was found to occur by a decarbonylation reaction, 

previously unknown to occur before its discovery in the EW pathway (Cheesbrough and 

Kolattukudy, 1984). While several wax genes have been proposed to encode the 

decarbonylation enzyme, including two that have been cloned {GLl from maize and 

CERl from A. thaliana), the decarbonylase has not been isolated to date (Aarts et al., 

1995; Hansen et al., 1997). Interestingly, there had been no mutants identified prior to 

this dissertation study in the further EW pathway steps, the hydroxylation of alkane to 

secondary alcohol or the oxidation of secondary alcohol to ketone (von Wettstein-

Knowles, 1995). However, since these components are not present or only present in 

minute quantities on many plant species, it is possible that mutations in these steps are 

more difficult to find. 

1.2.4. EW Transport 

The question of how wax is transported to the surface of the plant has been in 

debate since its discovery, yet is probably still the least understood of any feature of wax 
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production. Some very early suggestions that the wax was secreted as a volatile 

substance or formed from the breakdown of cellulose were refuted and replaced in 1871 

by de Barys more attractive theory that waxes are actively secreted through canals in the 

cuticle (Martin and Jimiper, 1971). Hall and Donaldson (1962) and Hall (1967) showed 

transmission electron microscopy (TEM) photos of cuticular pores or chaimels that de 

Bary originally suggested were involved in wax transport. Despite Hall's and a few 

similar reports of pores by TEM in the following decade, the existence of pores or of the 

later theorized micropores remains inconclusive, with the majority of studies suggesting 

they do not exist (Jeffree, 1996). Interestingly, the primary transport of waxes to the 

sur^e of insects is through large pores that are clearly visible by TEM (Nelson and 

Blomquist, 1995). Additional theories that made use of the existence of pores or 

micropores sometimes suggest that either a diffusion of liquid compounds occurs or that 

wax precursors are secreted to the surface in a volatile form as Wiesner originally 

suggested in 1871 (Anton et al., 1993). However, there is little supporting evidence for 

these theories. The recent identification of single lipid transfer protein, which comprised 

90% of the protein found in the wax layer, by Pyee and Kolattukudy (1995), provides the 

first evidence for a theory by Hallam (1982) that a protein might function in the transport 

of wax to the siuface of the plant Unfortunately, there has been no direct evidence that 

the lipid carrier protein Pyee and Kolattukudy identified fimctions in transporting wax. 

However, there has been very detailed work on the hypothesis that EW is transported 

through the cuticle to the plant surface by means of simple diffusion of lipophilic material 

without the need for pores or channels (Riederer and Schreiber, 1995; Schreiber et al., 

1996). Although the data firom these studies on diffusion are very promising, to date the 

question of how wax is transported from its site of synthesis within an epidermal cell 
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through the plasma membrane, the cuticle, and previously deposited wax to the outermost 

surface of the plant still remains unknown. 

1.2.5. EW Function 

The role or function that wax plays on the plant surface went mostly unstudied 

until the 1950s when a number of studies were undertaken to examine the effect wax had 

in helping to reduce water loss from the plant. The best studied possible functions of EW 

have been that of water repellence and restricting water loss. Again, there were a number 

of observations or minor studies as early as the 16'"' century to support the involvement 

of EW with water repellence, but detailed examination of this role did not begin until the 

1960's (Martin and Juniper, 1970). In 1930, Kamp conducted a detailed examination of 

water loss and cuticular thickness and determined that there was no correlation between 

the two. However, in 1944, Pieniazek found that wiping the surface of an apple increased 

its transpiration rate or water loss, while thickness of the cuticle was again not correlated 

to water loss (Martin and Juniper, 1970). It was later demonstrated that removal of the 

EW layer by wiping, brushing, or chemical extraction caused increased transpiration rates 

in several plants, thus revealing a role for EW in restricting water loss from the plant 

(Hall and Jones, 1961; Hall, 1966; Possingham et al., 1967). It is still believed that EW is 

the transport limiting barrier of the plant surface, and a recent highly detailed 

examination of EW transport properties is given in Riederer and Schreiber (1995). 

Because of the ability of EW to limit transpiration, it has been suggested that EW 

is involved in protection from extreme water loss in the plant imder stress conditions 

(Welker and Furuya, 1994, 1995). The same base studies that show a role for EW in 

limiting water loss from the plant provide the best evidence for a EW role in limiting gas 

exchange through the plant surface though the restriction of substances moving through 

the EW (Riederer and Schreiber, 1995). Additionally, the role of EW as a barrier to 
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water and gases has been extended to a role in limiting nutrient loss through the surface 

of the plant (Tukey, 1971). 

EW has also been implicated in influencing light interaction with the plant, 

including light reflectance, UV protection, and temperature regulation (Martin and 

Juniper, 1970; Baker, 1982). EW can cause the reflectance of 50% of light for many 

species and up to 70% in some desert species (Martin and Jimiper, 1970; Reicosky and 

Hanover, 1978). The reflectance of up to 70% of light has been shown to reduce plant 

internal temperature, and protect against UV damage and photoinhibition (Martin and 

Juniper, 1970; Robinson et al., 1993). Protection from UV damage has also been thought 

to occur in EW due to its containing flavonoid compounds. Interestingly, several studies 

on the EW of plants grown at higher elevations, where there is increased exposure to UV 

radiation, have shown a correlated increase of flavonoid compounds to increased 

elevation (Bianchi, 1995; Martin and Juniper, 1970). 

The role of plant EW in pathogen resistance is a very interesting and well studied 

area of investigation. Martin and Juniper (1970) and Kolattukudy (1996) provide 

detailed reviews on the two basic theories as to how EW functions in pathogen resistance. 

One hypothesis is that EW is involved in pathogen resistance due to its hydrophobic 

nature and the non-wettablity of plant surfaces (Martin and Juniper, 1970; Kolattukudy, 

1996). This water proofing of the plant surface by EW restricts the ability of many 

bacteria, viruses, and fungi to propagate prior to penetration into the plant (Martin and 

Jimiper, 1970). The other major hypothesis of EW function in pathogen resistance is that 

a specific chemical cue is needed from the plant in order for a pathogen to be induced to 

penetrate into the plant (Martin and Juniper, 1970). Earlier studies to examine chemical 

cues concluded that cues such as sugars or nutrients from the plant could be hidden or 

masked by EW. However, by the 1960's specific chemical components of the EW that 
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trigged pathogen attack were identified (Martin and Juniper, 1970). Recent studies have 

shown that the plant EW-pathogen interaction is host specific and that only the 

pathogen's plant host EW, presumably the chemicals within, will induce expression of 

pathogen genes for infection (Podila et al., 1993; Hwang and Kolattukudy, 1995; 

Kolattukudy, 1996). 

EW has been implicated as fimctioning in the interactions between plants and 

insect in numerous studies (Espelie et al., 1991). EW is believed to function in two 

distinct ways in insect interaction on plants; as a physical motility barrier and as chemical 

cue (Eigenbrode, 1996). The classic example of EW functioning as a motility barrier to 

insects is in pitcher plants, where insects that are attempting to climb out of the pitcher's 

trap walls find their pads increasingly covered with small wax scale that causes the insect 

to slip to its demise (Martin and Jxmiper, 1970). More recently several studies have 

shown that insect herbivores and their insect predators have different rates of mobility on 

glacuous or glossy EW surfaces, adding new dynamics to tritrophic interactions 

(Eigenbrode, 1996; Eigenbrode et al., 1995). There are additionally a number of studies 

showing the involvement of EW in insect interaction, but it is unclear or unknown as to 

whether the interaction is motility or chemical cue based (Stoner, 1990, 1992; Jackson 

and Dixon, 1996; Lowe et al., 1985; Way and Murdie, 1965; Thompson, 1963; Bogdanov 

et al., 1983; Lamb et al., 1993; Tsumuki et al., 1989; Bodnaryk, 1992). While several of 

the above studies showed differences in fecundity and/or behavior in glossy or altered 

wax mutants vs. wildtype plants, there is no analysis in these studies to indicate a specific 

chemical cue in the wax responsible for these differences. However, there are several 

studies that do provide evidence for specific chemicals, such as amyrins, alkanes, short 

chain length fatty acids, and primary alcohols in the EW that are responsible for affecting 
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insect fecundity or behavior (Rutherford, 1995; Balsdon et al., 1995; Robertson et al., 

1991; Eigenbrode, 1996; Appendix F). 

1.3. Characterization of EW on Arabidopsis thaliana Ecotypes 

The stem EW chemistry of two ecotypes had been characterized prior to this dissertation 

study; Landsberg erecta (Ler) and Wassilewskija (Ws) (Koomneef et al., 1989; McNevin 

et al., 1993; Jenks et al., 1995). We felt that it was essential to study the EW chemistry 

on a number of A. thaliana ecotypes for several reasons. One reason was to ensure that a 

standard wildtype EW profile existed across Arabidopsis ecotypes. This is necessary if 

screens for, or analyses of, novel EW mutants are to be conducted in other ecotypes, such 

as Coliraibia (Col) and Enkheim (En) where several mutant collections have been 

generated. Additionally, we wanted to determine how much variation in EW profiles 

existed across ecotypes. This latter data was needed for experiments that we were 

conducting on aphid interactions with A. thaliana ecotypes. 

We found that there is a standard stem EW profile that exists for 39 of 40 

ecotypes examined (Rashotte et al., 1997). Because of the variability in number, size, 

shape, and development of leaves on these 40 ecotypes that were examined for stem EW, 

the leaves were not examined in this study (Rashotte et al., 1997). However, the leaf EW 

chemistry of Ler and Ws has been analyzed and described in detail (Jenks et al., 1996; 

Jenks et al., 1996a,b; Appendix C, D, E). The EW structures on A. thaliana have been 

analyzed for the Ler and Ws ecotypes (Appendix B). The stem EW structures on Ler had 

been characterized and quantified previously, but in limited detail (Koomneef et al., 

1989). As part of this dissertation a detailed examination of the EW stmctures on all EW 

mutants and their ecotype backgrounds, Ler and WS, was conducted (Appendix B). The 



20 

leaves of Ler and Ws contain no EW structures (Koomneef et al, 1989; Jenks et al., 1995; 

Appendix B). 

1.4. EW Mutants in Arabidopsis thaliana 

The woric from this dissertation greatly adds to the knowledge regarding EW in A. 

thaliana, and makes A. thaliana the most well studied system in EW research. Utilization 

of the many EW mutants from barley, maize, sorghum, pea, Brassica oleracea, and 

Arabidopsis have been instrumental in the generation of proposed EW biosynthetic 

pathways (von Wettstein-Knowles, 1995; Avato et al., 1984; Jenks et al., 1992; Macey 

and Barber, 1970a,b; Kolattukudy, 1996; Post-Beittenmiller, 1998). However, the 

fimction of many EW genes can not easily be explained in relation to the EW 

biosynthetic pathway. This is most likely because EW can be affected by a number of 

types of mutations. Examples of different types of mutations include: (1) disruption of a 

biosynthetic enzyme (von Wettstein-Knowles, 1995; Kolattukudy, 1996; Jenks et al., 

1995); (2) alteration in EW transport (Hallam and Juniper, 1992; Pyee et al., 1994); (3) 

regulatory mutations affecting expression, timing, or tissue specificity (von Wettstein-

BCnowles, 1995; Jenks et al., 1995); and (4) other alterations in cellular organelles, the cell 

wall, or cuticle that would indirectly affect EW biosynthesis or accumulation 

(Kolattukudy, 1996; Jenks et al., 1996). We predict that with a more detailed analyses of 

EW mutants and their interactions with each other in relation to the biosynthetic pathway, 

a great deal more can be understood about the biosynthetic pathway, specific mutant 

defects, and the specific role of each gene in nonnal EW production. 

There are as many genes identified in A. thaliana that affect the EW acyl-

elongation system as in any other species: 27 in^. thaliana; 27 in Barley; and 17 in 

maize (von Wettstein-Knowles, 1995; Schnable et al., 1994). These 27 genes break 
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down into three classes; 23 CER genes; 7T5; and three leaf morphology genes, BCFl, 

KNBl, and WAXl. tt5 was originally isolated as a mutant defective in flavonoids, with a 

transparent seed coat and a glossy stem, and the TT5 gene product is known to be the 

chalcone flavonoid isomerase (Koonmeef, 1981; Shirley et al., 1992). Although 

flavonoids have been found in EW of several plant species, they rarely compose much of 

the total wax load (Walton, 1990). Interestingly, the EW profile of tt5 contains only 

minor changes, while the wax load is slightly reduced from the wildtype level (Jenks and 

Feldmann, impublished result). Since flavonoids have never been detected in A. thaliana 

EW, we are unsure how a defect in the TT5 gene could directly result in such an 

alteration of EW (Rashotte and Feldmann, unpublished result). The class of genes 

containing the bicentifolial or bcfl, knobheadl or knbl, and waxl mutants, ^pear to 

have primary defects in aspects of development or physiology other than EW, such as 

cell wall formation, cell expansion or cell signaling which indirectly affect the EW (Jenks 

et al., 1996). 

The third class of EW related genes in A. thaliana are known as ECERIFERUM 

or CER. This dissertation is focused primarily on the CER genes because it was believed 

that they were more likely to be directiy involved in EW processes than the other genes 

whose mutants had altered EW. Two papers roughly defined the EW of wildtype A. 

thaliana stems and 89 mutants with altered EW into 20 cer loci in terms of visual 

appearance, structural ^pearance of EW using SEM, and fertility (Dellaert et al., 1979; 

Koomneef et al., 1989). An initial chemical characterization of a representative allele of 

each of the 20 cer loci compared to the wildtype along with the proposed EW pathway 

blocks of some of the mutants was described in Lemieux et al. (1994). The identification 

of several T-DNA mutagenized cer mutants produced the cerll locus, however, the 

cer21 mutant has now been shown with allelism tests an allele of the CER3 locus. 
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(McNevin et al., 1993; Rashotte and Feldmann, unpublished result). The identification 

and chemical and structural characterization of mutants at three novel loci, cer22, 23. 

and 24 are presented in Appendix E. The map positions of cerl to cer9 in the A. 

thaliana genome were generated using phenotypic markers (Koomneef et al., 1989). The 

positions of cerlO to cer20 and cer22 to cer24 were generated using SSLP 

molecular markers (Appendix E). All cer mutants in A. thaliana have been thoroughly 

analyzed both chemically; using GC analysis for over 35 specific compoimds in 7 

chemical classes, and structurally; using SEM analysis for both leaf and stem tissue 

(Koomneef et al., 1989; Jenks et al., 1995; Appendix C). Additionally many of the cer 

mutants have been placed as blocks in specific steps of the EW formation pathway (Jenks 

et al., 1995; Appendix C, E). The visual glossy appearance of cer mutants is known to 

vary from highly glossy in several mutants to reduced glossiness in many other mutants 

and non-glossy in cer24 (Koomneef et al., 1989; Appendix E). In dl cer mutants an 

alteration in EW is believed to be the major mutational defect. Other phenotypes have 

been found to be associated with some cer mutants including reduced fertility in cerl. 3, 

6. /0,and 22, a fiision phenotype in cer 10, and reduced stature in cerll (Koomneef et al., 

1989; Jenks et al., 1995; Appendix E). The reduced fertility appears to be due to the 

alteration of the exine layer of the pollen on cerl. 3. and 6, which is composed of similar 

lipids as the EW (Hulskamp et al., 1995). Three CER genes have been cloned, CERl. 

2. and 3, although the fimctions of these genes based on sequence homology is unknown 

(Aarts et al., 1995; Negruk et al., 1996; Xia et al., 1996; Hannoufa et al., 1996; Post-

Beittenmiller, 1998). Two of these genes, CERl and CER2, show the greatest sequence 

homology to the maize genes GLl and GL2, respectively, which are also involved in EW 

fonnation (Lemieux, 1996; Post-Beitteimiiller, 1998). CER3 shows no significant DNA 
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or protein sequence homology to any other known sequence (Hannoufa et al., 1996; 

Lemieux, 1996; Post-Beittenmiller, 1998). 

1.5. EW Structures of Arabidopsis thaliana 

In this dissertation, the previously defined categories for EW structures in A. 

thaliana from Koomneef et al. (1989) were expanded to better resolve differences 

between the cer mutants and their wildtypes. Koonmeef (1989) initially described the 

stem EW structures on cerl to cerlO and Ler as having either tubes or plates on a scale of 

- to I I I I representing quantity. The work in Appendix B, an examination of the stem 

EW structures of cerl to cer20, knbl, waxl, and Ler and Ws, resulted in six distinct 

categories of EW structures: dendrites, horizontal structures, rods, tubes, umbrellas, and 

vertical plates and the quantification of the structures foimd on each genotype per stem 

surface area. Interestingly, novel EW structures not previously observed in Appendix B 

were foimd on cer double mutants and cer23 (Appendix D, E). 

1.6. EW Chemistry of Arabidopsis thaliana 

While the 20 cer mutants were characterized visually and structurally by 

Koomneef et al. (1989), a chemical analysis of the stem EW of^. thaliana did not occur 

until McNevin et al. (1993). A siraunary of the relative percentages of six classes of EW 

compounds found on the stem of cerl to cer20 compared to the wildtype is given in 

Lemieux et al. (1994). A detailed chemical characterization of both the leaf and stem 

EW for cerl to cer20y cer22 to cer24, and bcfl, knbl, and waxl, along with the stem EW 

for 40 ecotypes has been conducted to date (Jenks et al., 1995,1996; Appendix A, E). 

From these studies it is known that there are nine different classes of EW compounds that 

are found on the leaves and stems of^. thaliana: aldehydes, alkanes, amyrins, esters. 
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acids, ketones, primary alcohols, secondary alcohols, and terpenoids. The relative 

abundance of these EW chemical classes is different on leaves and stems. On the wild-

type A. thaliana leaves, the alkanes and primary alcohols composed the majority of the 

EW load, while on the stems, ketones and secondary alcohols composed a major percent 

of the EW load. The carbon chain length distributions of major EW classes are also 

different in the leaves and stems of the wildtype. The major carbon chain length of 

primary alcohols on the leaves is 26 and 28, while it is only 28 on the stems. The major 

carbon chain length of alkanes on the leaves is 31, while it is 29 for alkanes, secondary 

alcohols, and ketones on the stems. The total EW load is also different for the organs of 

A. thaliana^ with stems and siliques having nearly equal amounts per siuface area, while 

leaves have 10 to 20 fold lower amounts than these organs (Lemieux et al., 1994; Jenks et 

al., 1995; Appendix A). 

The EW mutants of A. thaliana have a vast array of differences in their EW 

chemical profiles from each other and the wildtype (Lemieux et al., 1994; Jenks et al., 

1995; Jenks et al., 1996; Appendix C, E; Jenks and Feldmann, unpublished result). There 

are E W mutants with increased and/or decreased levels in each of the nine classes of EW 

chemicals for both the leaves and stems (Jenks et al., 1995; Jenks et al., 1996; Appendix 

C, E). There are also mutants with altered carbon chain length distribution in aldehydes, 

alkanes, fatty acids, and primary and secondary alcohols, or every chemical class where 

more than one carbon chain length is known or readily detected by EW analysis for both 

the leaves and stems (Jenks et al., 1995; Jenks et al., 1996; Appendix C, E). Extensive 

detail of the specific chemical alterations found in these mutants is reviewed in Jenks et 

al. (1995,1996) and Appendix C and E. 

A correlation between all A. thaliana stem EW chemical and structural categories 

using data from cerl to cer20, knbl, waxl, and Ws and Ler revealed that 19 of the 26 



25 

EW chemical compounds examined were significantly correlated to at least one of the 6 

defined structural types (Appendix B). There had been many previously proposed 

relationships between EW chemistry and structure, but not in A. thaliana (Giilz, 1994; 

Avato, 1987; Baker, 1982). This study showed the following relationships between 

correlated chemical and structural compositions of A. thaliana stem EW. The chain 

length distribution of an EW chemical profile was correlated to structural type: short 

chain length compoimds to dendritic structures and long chain length compoimds to 

umbrella structures (Appendix B). Additionally, the 29 carbon-length alkane, ketone and 

secondary alcohol are each correlated to the same four structures: horizontal structures, 

rods, tubes, and vertical plates (Appendix B). 

1.7. Elucidation of the Arabidopsis thaliana EW Pathway 

The first mention of an EW pathway for A. thaliana occurs in Lemieux et al. 

(1994). This first EW pathway was derived mainly from the previous EW pathway work 

in Brassicae family species and from the stem chemical analysis of cerl to 20. The 

Arabidopsis EW pathway became more refined in Jenks et al. (1995) with the addition of 

chemical analyses of EW on the leaves of several cer mutants and their wildtypes. The 

Jenks et al. (1995) pathway added the increased carbon chain length components found 

on the stem and indicated differences in leaf and stem E W production. The recent 

finding by Vioque and Kolattukudy (1997) that primary alcohols can be reduced from 

fatty acids without producing an aldehyde intermediate prompted the revision of the 

pathway by Post-Beittenmiller (1998) to include this novel route for primary alcohol 

reduction, but did not eliminate the previous fatty acid reduction with an aldehyde 

intermediate. The examination of cer double mutant chemical profiles along with a re

examination of the single mutant profiles in this dissertation has lead to two 
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modifications to the biosynthetic pathways for EW in A. thaliana (Appendix D). The 

first is the addition of a primary flow or flux through the pathway. Since there is a 

divergence of EW products flowing firom firee fatty acids to primary alcohols and fix)m 

fi%e fat^ acids to alkanes, there is a branch in the primary flux. One branch of the 

primary flux split on the stem is from the C28 fatty acid to the C28 primary alcohol, 

while the other flux branch is from the 30 fatty acid through 30 aldehyde, 29 alkane, and 

29 secondary alcohol to the 29 ketone (Appendix D). There is a different split of the 

primary flux in the leaves where the flux branch from fatty acid to primary alcohol is at 

both C26 and C28, while the other flux branch from the fatty acid pool is primarily to 

C31 alkane (Appendix D). It is important to note where these primary fluxes occur in 

pathways, since it implicates that blocks in these primary flux points can cause back-ups 

and rerouting into parts of the pathway that may be less efficient in handling that flux. 

The second modification made to the pathway is to have primary alcohols only generated 

directly from fatty acids instead of fatty acids being reduced to aldehydes and then 

aldehydes being reduced further to primary alcohols (Appendix D; Vioque and 

Kolattukudy, 1997). The elimination of the aldehyde intemiediate in the reduction of 

&tty acids to primary alcohols was made based on detailed analysis of single and double 

cer mutant EW profiles in light of the result of Vioque and Kolattukudy (1997) 

(Appendix D). These modifications to the EW formation pathway in A. thaliana allow us 

to place several cer mutants at specific steps in the EW pathway where we could not 

previously (Appendix D). To date, there are mutants predicted to block the following 

steps in the EW pathway: fatty acid elongation (cer2, 6, 8. 9. and /P), release from the 

fatty acid elongation complex (cerS, 15, and 25), fatty acid reduction to primary alcohol 

(cer4 and cer24), fatty acid reduction to aldehyde (ceri, 7, 10, and 13\ aldehyde 
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decarbonylation to alkane (cerl. 16, and 22), and alkane hydroxylation to secondary 

alcohol {cerI7 and cer20) (Jenks et al., 1995; Appendix C, D, E). 

1.8. Arabidopsis thaliana EW Function in Insect Interactions 

Very few studies have been conducted with insects and A. thaliana, and even 

fewer have involved EW. Two studies were conducted to examine the role of EW in 

interactions with Plutella xylostella (Eigenbrode, 1996; Spencer, 1996). Both of these 

studies foimd that P. xylostella had altered behavior on certain cer mutants, suggesting 

that some component of the EW of these mutants, that is different than the wildtype, is 

responsible for the behavioral changes. Eigenbrode (1996) shows that the amyrins in the 

EW, found in higher quantities on some cer mutants are responsible for the alterations in 

behavior. An examination of aphid fecundity and behavior on A. thaliana was 

conducted for the first time in this dissertation (Appendix F). Aphid fecundity was 

examined using two aphids, Myzus persicae and Brevicoryne brassicae on 87 ecotypes 

and 20 cer mutants. Two ecotypes. Loch ness (Lc-1) and Catania (Ct-1), and one cer 

mutant, cer3, have been shown to produce significant reductions in M. persicae fecimdity 

(Appendix F; Rashotte and Feldmann, unpublished result). This same mutant, cerS, also 

produced significant reductions in B. brassicae fecimdity (Appendix F). Continuous 

behavioral observations on the plant surface were conducted for M persicae and B. 

brassicae throughout the first ten minutes of aphid contact with the cer3 mutant and its 

wildtype (Ws) (Appendix F). Significant alterations of B. brassicae behavior on cer3 

compared to Ws, lead to the further examination of cer3 wax on behavior (Appendix F). 

Experiments where EW from cerS, Ws, or a specific wax component was painted onto 

the mechanically wiped siuface of a plant, showed that it is the ^parent increase in 30 
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carbon length primary alcohol on the cer3 stem that causes the altered behavior 

(Appendix F). 

1.9. Explanation of Dissertation Format 

Major findings and methods are summarized in the section entitled "Present 

Study". A detailed description of the dissertation research is found in the six manuscripts 

attached as Appendices A, B, C, D, E, and F. These manuscripts are based on research 

conducted by myself with technical assistance from the people whose names appear as 

authors on the manuscripts. 

Generally, this dissertation has examined in a broad view A. thaliana EW in terms 

of basic descriptions of the chemistry, structure, and map positions for preexisting, and 

novel cer mutants, and ecotypes, EW formation pathways, correlations between EW 

chemistry and structure, and a possible role for EW in insect interactions. 

The first manuscript (Appendix A) deals with the chemical quantification of stem 

EW from 40 ecotypes of^. thaliana. A former undergraduate in the lab, Thanh Nguyen 

and a former postdoctoral associate in the lab, Matthew Jenks helped me select the 40 

ecotypes to be examined. Mr. Nguyen and Dr. Jenks grew the plants, and extracted the 

EW. I assisted Mr. Nguyen in the gas chromatography (GC) analysis of the EW samples. 

I then converted the raw data from the GC printout, along with the area of each extracted 

wax sample into an easily interpreted EW profiles of load per unit area for three 

replicates of each ecotype. I additionally conducted all statistical comparisons, including 

the correlations between wax load and the known abiotic characteristics of the ecotype's 

origin of collection. 

The manuscript in Appendix B describes the results of the analysis of EW 

structures on EW mutants of A. thaliana and their wildtypes, and correlates the EW 
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structures with the chemistry of these plants. I grew and sampled all plants used for 

scanning electron microscopy (SEM). I also conducted all SEM done in this manuscript 

including the expansion of EW stmctural classes for ̂ 4. thaliana. Additionally, I 

constructed a spreadsheet containing all chemical and structural data for the plants 

examined, such that I could nm statistical correlations on this data. 

The manuscript in Appendix C examines the EW chemical profiles for the leaves 

and stems of Arabidopsis wildtype Landsbeig erecta and eleven isogenic cer mutants 

cer5, cerlO to cer 15, and cerl 7 to cerlO, and attempts to place each mutant onto the EW 

pathway and predict its gene function. Dr. Jenks and I grew the plants from which the 

wax was extracted and the GC conducted. Together we additionally converted the raw 

GC data to profiles of load per unit area. From the stem and leaf EW profiles I placed the 

mutants where possible, at specific steps in the EW pathway and made predictions as to 

their gene function. 

The manuscript in Appendix D describes the generation, chemical and structural 

characterization of six double mutants from the first four cer mutants (cer 1x2, 1x3,1x4, 

2x3, 2x4, and 3x4), and reevaluation of the gene function of CERl to CER4 in the EW 

pathway. I generated, identified, and confirmed all double mutants in this manuscript. I 

also conducted all GC and SEM analyses on these double mutants. Furthermore, I 

analyzed the GC and SEM data and made predictions as to CER gene fimction along with 

changes to the EW pathway. 

The manuscript in Appendix E describes the GC screen for novel EW mutants in 

A. thaliana. GC and SEM confirmed five lines, out of over 1200, as mutants. These five 

mutants characterized by GC and SEM, were m^ped using SSLF molecular maricers 

along with the loci cerlO to cer20. Allelism tests with linked mutants revealed three 

novel cer loci, cer22, cer23. and cer24. An imdergraduate in the lab, Amanda Ross and 
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Dr. Jenks conducted the initial GC screen of over 1200 F2 EMS mutagenized lines. Dr. 

Jenks additionally devised this novel screening method. After Ms. Ross and myself 

analyzed these data, 75 putative mutants were selected and then analyzed by Ms. Ross in 

a more detailed GC analysis. From this additional analysis we selected five lines as 

strong mutants. Ms. Ross conducted GC, and I assisted her in conducting SEM on these 

lines. Isolation of DNA fijom mutant loci was conducted for the most part by Ms. Ross, 

although I assisted with some lines. Ms. Ross and I conducted the SSLP mapping of 

mutant loci, and the allelism tests. I examined the GC and SEM of the novel mutant lines 

to place them at specific steps in the EW pathway and predict their gene fimction. 

The final manuscript (Appendix F) describes the fecundity of two aphids 

Brevicoryne brassicae and Myzus persicae on several cer mutants and their wildtype. 

Additionally, behavioral observations on these same cer mutants were made using B. 

brassicae. Specific detail is paid to the altered behavior on ceri, which is determined to 

be due to the EW and more specifically the high level of 30 carbon length primary 

alcohol on cerS. I raised and maintained all plants and insects for the experiments in this 

manuscript. I also personally conducted all fecundity and behavioral experiments, along 

with devising the wax painting experiments and conducting the statistical analysis of the 

data. 
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2. PRESENT STUDY 

2.1. Present Study 

A detailed description of methods, results, and conclusions of this study are 

presented in the manuscripts appended to this dissertation. The following is a sunmiary of 

the most important findings of these manuscripts. 

In the first manuscript (Appendix A), gas chromatography (GC) is used to analyze 

stem EW firom 40 ecotypes of A. thaliana known to originate from around the world. 

This analysis revealed a two fold range in total EW load that was not correlated to known 

abiotic characteristics of the ecotype's origin of collection. Additionally, chemical 

analysis of these ecotj^es revealed similar EW profiles for all ecotypes except Catania 

(CT-1), allowing the average or a standard A. thaliana wild-type stem EW profile to be 

generated. In the one ecotype, CT-1,22 and 24 carbon length primary alcohols were 

increased by 16 and 8 fold, respectively, over that observed in the average EW stem 

profile. 

The second manuscript (Appendix B) studies the poorly understood relationship 

between EW chemicals and structures. To do this SEM was used to examine the stem 

EW structures on 22 A. thaliana mutants and their wildtypes, and expand on the former 

classification of^. thaliana EW structures. Stem EW chemical data from these same 

mutants and wildtypes, examined in other studies, was used with their structural data to 

conduct statistical correlations revealing that 19 of the 26 EW compounds examined were 

significantly correlated to at least one of the 6 structural types (Jenks et al., 1995; Jenks et 

al., 1996; Appendix C). Carbon chain length distribution of an EW profile was foimd to 

be correlated to structural type, with short chain length compoimds correlated to dendritic 

structures and long chain length compounds correlated to umbrella structures. 

Additionally, the 29 carbon chain length alkane, ketone and secondary alcohol were each 



32 

correlated to the same four structures; horizontal structures, rods, tubes, and vertical 

plates. 

In Appendix C, GC is used to examine the leaf and stem EW chemistry of the A. 

thaliana wildtype Landsberg erecta and representative alleles at 11 cer loci: cer5, cerlO 

to cerlS, and cer 17 to cerlO. All cer mutants were found to have EW chemical profiles 

different than the wildtype either in carbon chain length profiles, amount per chemical 

class, and/or total EW load. We were able to place several of these cer mutants at 

specific steps in the EW pathway and predict their gene fimction. The CERI9 gene 

product was predicted to be involved in 28 to 30 carbon fatty acyl-CoA elongation. 

CERIO and CERI3 genes were predicted to affect release of the 30 carbon fatty acid from 

the elongation complex or the 30 carbon length fatty acid to 30 carbon length aldehyde 

reduction. CER5 and CER15 gene products were predicted to be involved in general 

release from the fatty acid elongation complex. CER17 and CER20 genes were predicted 

to affect the 29 carbon length alkane to 29 carbon length secondary alcohol oxidation. 

Several predicted gene products affected only leaf or stem specific steps in the EW 

pathway. 

In Appendix D all possible double mutants with the first four cer mutants {cer 1x2, 

1x3, 1x4, 2x3, 2x4, and 3x4) were generated and their E W characterized on leaves and 

stems by GC and SEM. Novel EW chemistry and/or structures were found on every 

double mutant. Carefiil analysis of these characterizations gave new insights to the 

fimction of these genes and resulted in modifications to the EW formation pathway. 

In Appendix E we conducted a non-visual, GC screen of more than 1200 EMS 

mutated lines for EW mutants in A. thaliana. GC and SEM confirmed five lines as 

mutants with distinct differences from the wildtype background. These five mutants 

were mapped to specific chromosome locations using a PGR based method for linkage to 
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SSLP molecular markers and then tested for allelism with other wax mutant loci in the 

same region. The mapping of cerlO to 20 by the same PCR method was conducted to 

complete the mapping of all cer loci and allow for reduced numbers of allelism tests. 

Using the linkage data &om these moping and allelism tests, three novel EW mutants 

were identified and designated cer22, cer23, and cer24. The detailed stem and leaf GC 

analysis allowed us to place these novel mutants at specific steps in the EW pathway and 

speculate on their gene function. 

In the final manuscript (Appendix F) we examined the fecundity of two ^hids, 

Brevicoryne brassicae and Myzus persicae on several cer mutants and their wildtype. 

Only one mutant, cer3 showed significant reductions in numbers of both aphids after 15 

days. Continual observations the behavior of one aphid, Brevicoryne brassicae^ for the 

first ten minutes on the surface of the same cer mutants and their wildtype were also 

examined resulting in only one mutant, cer3, showed significant alterations in behaviors, 

such as increases in the percentage of time spent walking. Some behaviors of M 

persicae on cer3 were different fix>m those on the wildtype, but not behaviors consistent 

with changes in the plant surface. Mechanical stripping of EW from a stem surface 

followed by the painting of different extracted EW prior to additional behavioral 

observations revealed that it was the cer3 wax and not the some other aspect of the cer3 

mutant that caused B. brassicae behavioral alterations. Painting of the 30 carbon length 

primary alcohol onto mechanically stripped stems in amounts identical to the levels on 

the cer3 stem, five times higher than in wildtype, produced the same behavioral 

alterations as seen firom observation with cer3 and cer3 wax. These results lead us to 

conclude that the 30 carbon length primary alcohol is serving as an identifying host cue 

for 5. brassicae. 
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Abstract-Quantification of the epicuticular wax from the stems of 40 ecotypes of Arabidopsis thaliana showed 
a two-fold range in total wax load that was not correlated to known abiotic characteristics of the ecotype's 
origin of collection. Chemical analysis of these ecotypes revealed similar epicuticular wax profiles for all 
ecotypes except CT-1. In CT-1 the amount of22 and 24 carbon length primary alcohols was increased by 16-
and 8-fold, respectively, over that observed in the epicuticular wax averaged over all ecotypes. © 1997 Elsevier 
Science Ltd. All rights reserved 

INTRODUCflON 

Epicuticular wax forms an above ground boundary 
layer between a plant and its environment. This epicu
ticular wax layer, found on the surface of all plants, 
is primarily composed of seven major chemical classes 
in dicotyledonous plants: aldehydes, alkanes, esters, 
free fatty acids, ketones, and primary and secondary 
alcohols [1, 2]. The mixture of these chemical com
ponents, known as the epicuticular wax profile, has 
been found to be very similar within a specific taxo
nomic classification of plants and has been used as a 
character in taxonomic keys [3, 4]. 

In Arabidopsis thaliana a variety of mutants with 
altered epicuticular wax profiles have been studied, 
however, all of these mutants have been generated in 
one of two ecotypic backgrounds [5, 6]. Initial obser
vations indicated that the epicuticular wax profiles of 
these two ecotypes were very similar except for the 
total wax load [7]. An ecotype is defined as a popu
lation in a specific environment that has maintained 
its identity through isolation or selection [8]. 

Our chemical analysis of an ecotype was con
centrated on the stem tissue. This was done: (1) to 
capitalize on the wax load which is 10-20 times higher 
on the stems than the leaves [7]; (2) to reduce the 
variation caused by potential differences in epicu
ticular wax load on the abaxial and adaxial leaf sur
faces of various ecotypes; and (3) because of our ongo-

•Present address: College of Agriculture, Arkansas State 
University, Jonesboro, AR 72467, U.S.A. 

t Author to whom correspondence should be addressed. 
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ing interest in aphid herbivory on Arabidopsis in which 
stems is the primary feeding site (Rashotte and Feld
mann, unpublished) . 

The analysis of the epicuticular wax from these 40 
ecotypes was conducted in a search for additional 
genetic variation that might help unravel the biosyn
thetic and secretory pathways of epicuticular waxes. 
The analysis was also done to determine how much 
overall variation existed in the epicuticular waxes and 
how that might provide valuable data for studies on 
plant-insect interactions. 

RESULTS AND DISCUSSION 

Epicuticular wax load per area sampled was exam
ined in 40 ecotypes of A . thaliana that originated from 
vastly different worldwide environments. There was a 
two-fold variation in total stem epicuticular wax load 
between the different ecotypes, ranging from just over 
1500 to almost 3000 pg dm- 2 (Table I). One might 
expect epicuticular wax load to be correlated with 
environmental conditions of the ecotype's site of 
origin, since differing amounts of UV -light, acid rain, 
humidity, temperature and insect attack, among other 
factors are known to affect wax load [6, 9-12]. When 
grown under similar environmental conditions, we 
found no correlation between an ecotype's epicu
ticular wax load and the known values of altitude, 
daily temperature, monthly rainfall, the longitude and 
the latitude for the ecotype's original site of collection. 
However, there are other environmental factors not 
documented for ecotype origin, which may directly 
correlate to epicuticular wax load. We are currently 
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Table I. Epicuticular wax load of A. tha/iana ecotypes. Ecotype abbreviation., origin of collection and accession number are 
as documented from the Nottingham and Ohio State Resource Centers 

Ecotype Origin of collection Accession number EW load ± s.e. • 

Cnt-1 Canterbury, U.K. 1635 1531±31at 
Hi-0 Hilversum, Netherlands 1226 1596 ± 41 ab 
Le-O Loch Ness. U.K. 1306 1632 ± 98 ab 
Sch Schwanheim, Germany 1653 ± 28 b 
En-T Enkheim/Frankfurt, Germany 921 1674 ± 83 ab 
Per- l Perm, Russia 1444 1695± 170ab 
Ws-2 Wassilewskija. Russia 1601 1702 ± 80 ab 
Ca-0 Camberg/Taunus, Germany 1060 1737±89ab 
Hl-0 Holtensen, Germany 1228 1746 ±55 b 
Col-O Missouri, U.S.A. 1092 1773 ± 27 b 
Pog-O British Columbia, Canada 1476 1786 ± 30 b 
Shahdara Pamiro-Aiay, Tadjikistan 929 1791 ± 129 be 
Ler- 1 Landsberg, Germany 1642 1854 ± 73 be 
Rd-0 Rodenbach/Dill, Germany 1482 1856 ± 183 be 
Bay-0 Bayreth. Germany 954 1873 ± 72 be 
Tsu-0 Tsu, Japan 1564 1896±61 be 
Est-! Estland, Estonia 1152 1900 ± 118 be 
Rld-1 Rschew, Russia 913 1903 ±54 be 
Mt-0 Martuba/Cyrenaika, Libya 1380 1951±63c 
Hm Hannover-Munden, Germany 1953±17c 
Wi Wisselheim, Germany 2013 ± 81 c 
An-I Antwerpen, Belgium 944 2047 ± 106 cd 
Tu-0 Turin, Italy 1566 2047 ± 49 c 
Li-0 Limberg, Germany 1310 2081 ± 60 c 
Dijon-M Dijon, France 919 2083 ± 46 c 
Mh-O M uhlen, Poland 1366 2117 ± 104 cd 
Sei-0 Seis am Schlern , Italy 1504 2182 ± 105 cd 
Oy-0 Oystese, Norway 1436 2199 ±I 10 cd 
Wl-0 Wildbad, Germany 1630 2200 ± 147 cd 
Lip-0 Lipowiec/Chrzanow, Poland 1336 2226 ± 73 cd 
K.in-0 Missouri, U.S.A. 1272 2236 ± 105 cd 
Jl-1 Vranov, Czechoslovakia 1248 2271 ± 65 d 
Bs-1 Basel, Switzerland 996 2294 ± 62 d 
Co-l Coimbra, Portugal 1084 2315 ± 148 cd 
Cvi-0 Cape Verde Islands 1096 2342 ± 81 d 
Ct-1 Catania, Sicily 1094 2419 ± 95 d 
In-0 Innsbruck, Austria 1238 2443 ± 95 d 
LJ-0 Llagostera, Spain 1338 2600 ± 230 d 
Sap-O S1apy, Czechoslovakia 1506 2668 ± 17 1 d 
HOG! Khurma tou, Tadj ikistan 922 2953 ± 153 d 

*Epicuticular wax (EW) load is presented as an average of at least three replicates and is measured in Jl.& dm - 2 ± s.e. 
tEvery letter indicates significant difference (t-test, ex = 0.05) from other letters; values with two letters are not significantly 

different from either letter group. 
tUnabbreviated name Hodja-Obi-Garm. 

involved in laboratory studies to address insect selec
tion pressure as an additional factor influencing wax 
load. 

Examination of the stem epicuticular wax of these 
ecotypes showed their overall profile of chemical con
stituents to be similar. A correlation test comparing 
ecotypes, using all the chemical components in each 
ecotype's wax profile, never yielded a correlation 
coefficient value below 0.98 for any two ecotypes (data 
not shown), indicating that there are virtually no 
differences in stem epicuticular wax profiles, except for 
load, between ecotypes. This high level of similarity 
between ecotypes allowed us to generate a rep-

resentative stem epicuticular wax profile for A. thal
iana (Fig. 1) averaged over all replicates of every eco
type sampled. Even the ecotypes with the lowest and 
highest epicuticular wax loads, CNT-1 and HOG, 
respectively, conform very closely in chain length dis
tribution of constituents to the average wax profile 
(Fig. 1). This similarity is somewhat unexpected in 
light of other characters studied among ecotypes, such 
as pathogen resistance, carbon dioxide responses and 
water use efficiency, which have been shown to vary 
considerably [8, 13-15]. It seems that there is a set 
epicuticular wax profile for A. thaliana under the con
ditions used in this experiment. However, it is possible 

44 



Epicuticular wax variation in Arabidopsis ecotypes 253 

.!1 100 707 
i 90 CNT-1 • 80 s 70 

li 60 
50 

t'i 40 ... 30 0 

= 
20 

0 10 

~ 0 
16 18 20 22 24 26 28 30 24 26 28 30 27 29 31 22 24 26 28 30 27 29 31 29 

J'reo J'atty Ac:lda Aldebyd M Allu.noe Prlmart Alcoboll Sec. OH Ket one Eatora 

.!1 100 198 470 .:s 90 Ecotype Average 5 80 s 70 ., 
5i 60 

50 
Ill .... 
Ill~ 40 ... 30 0 

~ 20 

0 10 

~ 0 
16 18 20 22 24 26 28 30 24 26 28 30 27 29 31 22 24 26 28 30 27 29 31 29 

J'ree Fatty Acida Aldebydoa Allu.noa Primary Alcoboll Sec. OH Ketone Eater• 

100 .!1 
.:s 90 1430 2 69 673 
~ HOG • 80 s 70 ., 
5i 60 

50 

t~ 40 ... 30 0 

~ 20 

0 10 

~ 0 
16 18 20 22 24 26 28 30 24 26 28 30 27 29 31 22 24 28 28 30 27 29 31 29 

J'reo Fatty Aclda Aldebydee Allu.nee Primary Alcoholl Sec. OH Ke tone E~ter. 

Fig. I. Epicuticular wax profiles of A . tha/iana ecotypes. Each bar shows the amount of a specillc r;:picuti~.:ular wax constituent, 
labeled on the x-axis by an epicuticular wax class and a carbon unit length of that constituent (Sec OH is the abbreviation 
for secondary alcohols). All measurements are in J.lg dm- 2 ± s.e. Bars that reach the top of the graph have additional 
numbers to the left of them, indicating the actual epicuticular wax amount, which is off the y-axis. Top: the profile of the 
CNT-1 ecotype (this ecotype had the lowest wax load of those sampled). Middle: this is the ecotype average, which was 
calculated by averaging the individual averages of all replicates for each ecotype. Bottom: the profile of the HOG ecotype 

(this ecotype had the highest wax load of those sampled). 

that in the original environments where these ecotypes 
were collected, epicuticular wax profiles may vary due 
to temperature, light, humidity and other environ
mental effects. 

A more detailed examination of the individual 
chemical classes in these ecotypes yielded one with a 
different and novel EW profile: CT-l. In CT-1 the 
chain length distribution of the primary alcohol class 
differs significantly from all other ecotypes (Fig. 2). 
The C22 and C24 primary alcohols ofCT-1 are 16- and 
8-fold higher, respectively, than the amounts observed 
in the average ecotype, while the C26, C28, and C30 

primary alcohols ofCT-1 and the average ecotype are 
present in very similar amounts. This profile is also 
unique among epicuticular wax mutants in Ara
bidopsis [5, 6], and all other plant species sampled to 
date. It is not clear what has occurred to cause this 

increase in C22 and C24 primary alcohols. It is possible 
that there has been a shift in the flow of constituents 
though the epicuticular wax biosynthetic pathway. 
For example, since wax esters are formed from the 
esterification of free fa tty acids and primary alcohols 
in the wax there could bl! a reduced utilization of C22 

and C24 primary alcohols in ester biosynthesis. In fact, 
preliminary data show the ester profile of CT-1 is 
different than the other ecotypes (data not shown). 

The abiotic environmental factors known about the 
origin of collection, show no unusual specific factor 
or combination of factors that might indicate the 
cause for the increase of C22 and C24 primary alcohols 
in CT-l. Still, it is possible that other abiotic or biotic 
environmental pressures unknown about the origin of 
collection may have caused this change. One possi
bility is that the wax profile change occurred in 
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Fig. 2. The primary alcohol chain length distributions for 
the ecotype average and CT-1. The ecotype average profile 
was calculated by averaging all replicates for every ecotype. 
The CT-1 primary alcohol profile was generated from the 
average of three individual replicates. C22, ~ •• C26, C28 and 
C30 in the legend refer to the carbon unit length of each 
primary alcohol. All amounts are measured in J.lg dm -l ± s.e. 

response to high insect selection pressure, since both 
a high alcohol/aldehyde ratio and shorter chain length 
wax constituents in epicuticular wax have been impli
cated in insect resistance [16]. Not only does the cr-
1 profile change match both these implicated areas, 
but cr -1 has shown a reduced level of aphid fecundity 
in comparisons to other ecotypes with wax profiles 
similar to the ecotype average in Fig. 1 (Rashotte and 
Feldmann, unpublished). 

In conclusion, we nave sampled the epicuticular 
waxes from 40 ecotypes of A. thaliana originating 
from vastly different environments worldwide, and we 
were able to present a highly conserved stem epicu
ticular wax constituent profile for this species. Epicu
ticular wax loads examined from these ecotypes had 
a two-fold range in total load. Novel variation in the 
epicuticular wax profile was discovered in the ecotype 
Cf -1. The increase in short chain primary alcohols in 
Cf-1 is unique among species sampled, and studies 
are underway to determine whether these differences 
may affect insect herbivory. 

EXPERIMENTAL 

Plant material. We employed 40 different ecotypes 
of A. tha/iana which were obtained from the Not
tingham and Ohio State Arabidopsis Resource Cen
ters; see Table 1 for names and accession numbers. 
Also available from the Resource Centers were 
environmental factors known about the origin of col
lection. All plants were grown in a controlled environ
ment chamber at 22° for 16 hr in the light (240 ttmol 
m - 2 sec- 1; 75% RH) and 18° for 8 hr in the dark (75% 
RH). 

Epicuticular wax analysis. The hexane soluble sur
face lipids (designated epicuticular wax) were 

extracted from stems of 25-30-day-old plants by 
immersing tissues in hexane for 30 sec. Immediately, 
before extracting the wax, the stems were photo
copied. Exact area measurements were made later by 
tracing the photocopied image of each stem using a 
digitizer mouse and the computer program Sigma 
Scan. At least three separate replicates of stem tissue 
were used in calculating an average epicuticular wax 
profile for each ecotype and all replicates from every 
ecotype sampled were used in calculating the ecotype 
average epicuticular wax profile (Fig. 1). Deri
vatization, gas chromatography, mass spectrometry 
and quantification of identified epicuticular wax con
stituents based on correction factors developed using 
one int. standard and calibration curves of 18 external 
standards were applied as performed according to ref. 
[17]. 

Chemicals identified as epicuticular wax constituents 
on A. thaliana. Hexadecanoic, octadecanoic, eico
sanoic, docosanoic, tetracosanoic, hexacosanoic, 
octacosanoic, triacontanoic acids are described here 
as C 16, C 18, C20, C22 , C2•• C26, C28, and C30 free fatty 
acids; tetracosanal, hexacosanal, octacosanal, tri
acontanal as C24, C26, C28, and C30 aldehydes; n-hep
tacosane, n-nonacosane, and n-hentriacosane as c27t 
c29t and c31 alkanes; 1-docosanol, 1-tetracosanol, 1-
hexacosanol, 1-octacosanol, and 1-triacontanol, as 
C22. C24• C26• C2s and C3o primary alcohols; 13- and 
14-heptacosanol, 14- and 15-nonacosanol, 15- and 16-
hentriacontanol as c27t c29t and c31 secondary alco
hols; and 15-nonacosanone as c 29 ketone. 
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0• the Conr Flowers and fruits of Gaura neomexicana ssp. coloradensis (Onagraceae). This rare plant 
occurs in 22 populations in Laramie County, Wyoming, and Weld County, Colorado. Flowers open at 
dusk. are moth pollinated. and wilt the following day. The eight stamens and the style of the bilaterally 
symmetrical flower provide a landing platform for pollinators. This flower measures approximately 1.5 
em in width. Pollen can be seen suspended along viscin threads (typical of the family) between two 
adjacent anthers. An indehiscent. four-angled fruit will develop from the inferior ovary and will fall to 

the ground when mature. The plants are short-lived. semelparous perennials that occur in a patchy dis
tribution. Matri..~ modeling has revealed that population dynamics differ spatially and temporally. For 
details, see Floyd and Ranker. in this issue, pp. 853-863. 
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CORRELATIONS BETWEEN EPICUTICULAR WAX STRUCTURES AND 
CHEMICAL COMPOSITION IN ARABIDOPSIS THALIANA 

Aaron M. Rashotte and Kenneth A. Feldmann' 

Department of Plant Sciences, University of Arizona. Tucson. Arizona 85721, U.S.A. 

The epicuticular waxes of vascular plants are both chemically and structurally diverse. This investigation attempts 
to clarify the poorly understood relationships between epicuticular wax chemicals and structures by correlating the 
diversity of chemical compositions and structures in wildtype and epicuticular wax mutants of Arabidopsis thaliana. 
An expanded classification of A. thaliana epicuticular wax structures was conducted preceding their quantification on 
24 genotypes of A. thaliana. Correlations between all A. thaliana stem epicuticular wax. chemical and structural cate
gories showed that 19 of the 26 epicuticular wax. compounds were significantly correlated to at least one of the six. 
structural types. The chain-length distribution of an epicuticular wax profile was also found to be correlated to structural 
type: short chain-length compounds to dendritic structures and long chain-length compounds to umbrella structures. 
The 29-carbon-length alkane. ketone, and secondary alcohol are each correlated to the same four structures: horizontal 
structures. rods. tubes. and vertical plates. In addition. these three 29-carbon wax. components and four structures make 
up a majority of the chemical and structural constituents on 19 of the 20 genotypes that possess structures. 

Introduction 

Epicuticular wax is a ubiquitous coating on the ae
rial portion of plants. Chemically. the wax is com
posed of a diverse mixture of very long chain lipids, 
including aldehydes, alkanes, esters. free fatty acids, 
ketones, and primary and secondary alcohols, that var
ies from species to species. Structurally, the epicutic
ular wax layer is also highly diverse, consisting of den
drites, filaments, plates, and tubes, as observed by 
scanning electron microscopy (SEM: Baker 1982). 

Quantitative analyses of the chemical composition 
of epicuticular waxes have been conducted on many 
vascular plants (review Bianchi 1995). In comparison, 
descriptive reports of wax structures on vascular plants 
have been widespread (Frolich and Barthlott 1988; 
Hennig et al. 1994 ), while quantitative analyses of the 
structural composition of epicuticular waxes are rare. 
In addition, many surveys of epicuticular wax struc
tures have been conducted on species with only one 
wax structural type, such as tubes on many Eucalyptus 
spp. and ribbons on Fragaria and Rosa spp. (Baker 
1982). 

For 30 yr, it has been hypothesized that there are 
specific chemical components that are correlated to 
specific structures of the epicuticular wax (Lundqvist 
et al. 1968; Baker 1982; von Wettstein-Knowles 1993; 
Jetter and Riederer 1994). Many of the results that 
support these hypotheses are derived from species dis
playing a single structural type (Baker 1982). We took 
advantage of the diversity of both chemical constitu
ents and structural categories found on the epicuticular 
wax mutants of Arabidopsis thaliana in an attempt to 
understand the relationship between epicuticular wax 
chemistry and structure. Conducting correlation anal
yses between epicuticular wax chemicals and struc-

1 Author for correspondence and reprints. 

Manuscript received December /997: revised manuscript received 
March /998. 
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tures allowed hypothesized relationships to be ana
lyzed with statistical rigor. 

Material and Methods 

Plant Material 

The 24 different pure breeding genotypes of Arabidopsis 
tha/iana (Wassilewskija [Ws-2], Landsberg erecta [Ler-1], 
ecerifemm [cerl-cer20], knobhead [knbl], and wax]) that 
were used in these experiments were obtained either from 
Bertrand Lemieux (York University), the Ohio State Arabi
dopsis Resource Center, or from our collections. All plants 
were grown in controlled environmental chambers at 22°C 
for 16 h in a mixture of fluorescent and incandescent light 
(220-260 ILM m-~ s - 1; 75% RH) and 18°C for 8 h in the 
dark (75% RH). The mutants cerl, cer2, cer3, cer4, knbr: 
and wax] are in the Ws-2 background and cer5-cer20 in 
the Ler-1 background. 

Chemical Analysis of the Epicuticular Wax 

The gas chromatographic (GC) and mass spectral (MS) 
analyses of the stem epicuticular wax constituents used in 
this article were previously conducted by Jenks et a!. (1995. 
1996) and M. A. Jenks, A.M. Rashotte, and K. A. Feldmann 
(unpublished data). Hexadecanoic, octadecanoic, eicosanoic, 
docosanoic, tetracosanoic, hexacosanoic, octacosanoic, and 
triacontanoic acids are described here by carbon length as 
Cl6, Cl8, C20, C22, C24, C26, C28, and C30 free fatty 
acids, respectively; tetracosanal, hexacosanal, octacosanal. 
and triacontanal as C24, C26. C28, and C30 aldehydes, re
spectively; n-heptacosane, n-nonacosane, and n-hentriacota
ne as C27, C29. and C31 alkanes, respectively; 1-tetracos
anol, 1-hexacosanol, 1-octacosanol, and 1-triacontanol as 
C24, C26, C28, and C30 primary alcohols, respectively; 13-
and 14-heptacosanol, 14- and 15-nonacosanol, and 15- and 
16-hentriacontanol as C27, C29, and C31 secondary alco
hols, respectively; and 15-nonacosanone as C29 ketone. 
Three additional classes of chemicals were pooled in our 
analyses: esters (greater than 34 carbon length), arnyrins (a
amyrin and !3-amyrin), and other terpenoids. 

Structural Analyses of Epicuticular Wax 

Structural analyses were conducted using SEM of stem 
tissue from the same pools of plants on which GC and MS 
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analyses were conducted. Three or more individual plants 
from each genotype were examined for these analyses. SEM 
samples were prepared by taking a sample ca. 1 em from 
the primary inflorescence between the first and second cau
line leaves (second internode) of each plant at 25-30 d of 
age; air drying for at least 24 h; and coating with a gold
palladium mixture in 30-, 90-. and 180-s subsequent bursts. 
This sample coating method was found to be as effective in 
eliminating the melting of wax structures as freeze-drying 
(A. M. Rashone and K. A. Feldmann. unpublished data). No 
obvious differences in the number of wax structures or their 
shape over the surface of mature stem tissues occurred from 
plant to plant within a genotype. 

Initial surveys of all :!4 genotypes identified six visually 
distinct epicuticular wax structures. Subsequently, three ran
dom areas from each sample were examined at X 5000 mag
nification and 10 kV on an ISI-DS 130 dual-stage scanning 
electron microscope. One area from each plant containing 
nonidioblastic epidermal cells (ca. 400 J.Lm~ ) was selected 
for analysis and was surveyed for each structural class. 

Statistics 

All of the chemical and structural data were entered into 
a Microsoft Excel 4.0 spreadsheet. Chemical values (J.Lg 
dm -~) and structural values (number of structures dm -') 
were entered as an ordered set for each measured individual. 
The replicates from each genotype were either averaged and 
used as an individual replicate or used separately for cal
culating the correlation value between every chemical and 
structural group. Significance was determined by converting 
individual R (correlation values) to t values using the equa
tion t = R[(n - 2)/(l - R: )] ''-', where n equals the sample 
size and the degrees of freedom is equal to n - 2 (Motulsky 
1995). A t value corresponding to P < 0.05 was required 
for a correlation to be significant. When correlation values 
were calculated for individual replicates there was an ex
tremely high correlation between replicates. but no other sig
nificant differences were observed as compared with corre
lations as found by averaging. As such. the latter method is 
reported in this article. 

Results 

The epicuticular wax structures on stems of Arabi
dopsis thaliana were classified after thorough exami
nation of all 24 genotypes using SEM (fig. 1). Initially, 
all structures were differentiated on the basis of ori
entation to the plant surface, either horizontal or ver
tical, and then divided into distinct categories. Hori
zontally oriented structures were divided into either 
dendrites or a general category termed horizontal 
structures; vertically oriented structures were divided 
into plates, rods, tubes, or umbrellas. The general cat
egory of horizontal structures included three structural 
types: horizontal plates, rube bases, and irregular hor
izontal structures. These structural types were grouped 
together because they were not always distinguishable 

B 
i 
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fig. 2 Represem:~tiw 'tern epic:uticular wax structures found on 
Arabidopsis rlwliww wildtype :~nd mutant genotypes. All SE:VI pho
tos taken :~ t '< 5000 :~nd I 0 k V. The scale bar is 5 f.Lm in all photos. 
A, Dendrites (hlamemous horizontal ~tructures). 8-0 . Horizontal 
structures. B. Hori w mal plates (plate structures parallel to the plant 
surface ). C. Tub<! bases 1 th<! irregular ring or base of a tube struc
ture ). D. Irregular horizontal structures cirregularly shap<!d horizontal 
structures ).£. Rods !thin. solid-appearing pillar structures) . F. Tubes 
(cylindrical structures. often thicker than rods). G. Umbrellas (s truc
tures with a rod or tube base topped by a tlat structure ). H. Vertical 
plates (plate structures perpendicular 10 the plant surface) . 

from one another. Thus. six categories of epicuticular 
wax structures were defined ( fig. 2). 

Utilizing the newly classified categories of epicutic
ular wax structures. the stem-surface structural com
positions of the epicuticular wax mutants and their cor-

fig. 1 Microscopic stem-surt·ace morphology representative of A rabidopsis rlwliana genotype,;. :\II SE\.1 photos taken at X 5000 and 10 
kV. The scale bar is 5 f.Lm in all photos. A. (Ler-1 ) Representati ve wi ldtype genotype. B. ( cafl l Repre ~e ntati,·e structure less geno type . C. 
(cer4) Genotype containing only vertical plates and horizontal structures. D . (cal'}) Genotype .:onta in ing predomi nantl y dendrites and 
horizontal structures. 
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T.W.l Mean Number of Epicuticular Wax Crystals Belonging to a Structural Class on r\rabidopis rhaliana Genotypes 

Plant Dendrites Horizontal s tructure Rods Tubes Umbrellas Vertical plates Total structure 

Ws-2 0 45.0 ::: 2.5 17.7::: 2.4 16.0::: 4.6 -l.O::: 1.5 19.7 = 6.2 102.3:!: 11.1 
cer/ 0 0 0 0 0 0 0 
cer2 ..... 0 0 0 0 0 0 0 
cerJ . 0 51.7 = 5.2 0.7 ::: 0.7 4 .0::: 1.2 2.3 :!: 0.3 4.7 = 1.3 63 .3 ::: 6.3 
cer4 ..... 0 11.0::: 1.0 0 0 0 27 .7 = 0.9 38.7::: 1.9 
knb-1 0 42.7 ::: 6.6 16.7::: 3.2 2.7:!: 0 .3 1.3 :!: 0.7 6.3::: 1.8 69.7::: 7.1 
wax/ . . 0 41.0 = 3.8 4.7::: 1.3 2.0 ::: 1.2 0 4.3::: 0.9 52.0 = 3.5 
Ler- 1 0 31.8 :!: 6.6 19.8::: 5.4 11.5 ::: 3.0 0.8 :!: 0.8 15.0 = 2.5 78.3 :!: 11.2 
cer5 . .. .. 0 36 .3 = 4.6 29.3 ::: 5.6 8.0::: 5.0 1.7 ::: 1.2 6.0 = 3.1 81 .3 = I7.1 
cer6 0 0 0 0 0 0 0 
cer l 0 20.3 ::: 3.8 5.3 ::: 0 .7 2.0 = 1.5 3.3 ::: 1.8 2.3 ::: 0.3 33.3 :!: 2.4 
cer8 .... . 0 39.0:!: 2.6 12.7 ::: 2.3 3.7 :!: 1.8 0.3 = 0.3 7.7 = 1.3 63.3::: 0.9 
cer9 . .. .. 0 35.3 :!: 3.5 9 .7 ::: 0 .3 2.0 ::: 1.5 0.3 = 0.3 9.3 ::: 3.0 56.7 ::: 7.3 
cer/0 1.0::: 1.0 20.3 ::: 4.1 3.3 ::: 0.9 1.7::: 0 .9 1.0:!: 0.6 3.0 = 0.6 30.3:!: 3.8 
cer/1 0 28.3 ::: 3.8 26.3 :!: 2.6 3.0::: 0.6 0 6.0::: 1.7 63.7:!: 7.4 
cer/2 ... 0 25 .0::: 3.0 29 .7 :!: 1.2 7.3 :!: 2.0 1.0::: 1.0 3.3 = 0.7 66.3 = 6.3 
cer/3 4.3 :!: 2.2 25.3 :!: 2.6 4 .7::: 1.8 0.3 ::: 0.3 7.3 ::: 3.2 2.7 = 0.3 M .7 ::: 2.7 
cer/4 0 35.3 :!: 4.1 13.3 :!: 0.9 1.3:!: 1.3 0 9 .3 ::: 5.2 59.3 :!: IO.O 
cer/5 3.0 ::: 3.0 53 .0 = 6.5 6.0:!: 2.6 2.3 :!:: 2.3 0 4 .0 = 3.5 68 .3 = 4. I 
cer/6 .. . 0 0 0 0 0 0 0 
cer/ 7 0 44.7:!: 3.7 6.7 :!: 0.9 0 0 0 51 .3 = 2.8 
cer/8 0 47.0::: 4.6 9.3 :!: 3.2 6.3 ::: 1.8 1.0 = 1.0 10.0 = 2.1 73.7 ::: 5.2 
cer/9 24.7 :!: 5.8 7.7 :!: 3.9 2.7::: 1.8 0 0 0.3 = 0.3 35.3 = 2.3 
cer20 0 53.3 :!: 10.1 13.7 :!: 4.4 4 .7:!: 1.8 0 11.3 = 1.3 83.0 = 6.6 

Note. The da ta are presented as the mean ::: standard error of at least three stem samples examined by SE:\11 . 

responding wildtypes were analyzed over a defined 
surface area. All 22 epicuticular wax mutants were 
found to be significantly different from their respective 
wildtypes in at least one category of wax structure 
(table 1). The total number of epicuticular wax struc
tures was significantly reduced in all but seven of the 
wax mutants compared with their respective wildtypes 
(table 1). 

A correlation analysis was conducted using all GC 
and SEM data of the 24 genotypes to determine the 
relationships between epicuticular wax chemistry and 
structure. All correlated R values presented (table 2) 
have been determined to be statistically significant 
(data not shown). 

We compared the total chemical epicuticular wax 
load and the total number of wax structures present on 
a genotype (data not shown) and found that there was 
a positive correlation (R = 0.63 ). The two ecotype 
backgrounds used in this study (Ws-2 and Ler-1) were 
also compared. Their overall chemical and structural 
profiles were significantly correlated, and the chemical 
and structural wax loads of these ecotypes were not 
significantly different (data not shown). 

Dendrites (fig. 2A ) were found to be positively cor
related to C24 and C26 aldehydes, C24 primary al
cohol, C27 alkane, and C27 secondary alcohol (table 
2). Dendrites were found only on four cer mutants
ceriO, cerl3, cerl5, and ceri9,-usually in low quan
tities, except on ceri9, where 70% of the wax struc
tures were dendrites (table l ; fig. lD). 

Horizontal structures (fig . 2B-D), were found to be 
positively correlated with C28 fatty acid, C28 alde
hyde, C28 and C30 primary alcohols, C29 and C31 
alkanes, C29 and C31 secondary alcohols , C29 ketone, 

and other terpenoids and negatively correlated with 
C26 fatty acid (table 2). All genotypes, except for the 
four that completely lack structures (ceri, cer2, cer6, 
and ceri6), contain a substantial proportion of their 
epicuticular wax structures as horizontal structures (up 
to 87% in ceri7; table l) and a substantial proportion 
of their chemical composition as C29 chemical com
pounds (up to 84% in cerl5). 

Rods (fig. 2£) were found to be positively correlat
ed with C28 fatty acid, C24 and C28 primary alcohols, 
C29 alkane, C29 and C31 secondary alcohols, and C29 
ketone (table 2). Three genotypes that contained 33%-
50% more rods than their respective wildtypes (cer5, 
cer II , and cer I2) have proportionally higher levels of 
C29 ketone (table l). 

Tubes (fig . 2F) were positively correlated with C28 
fatty acid, C24 primary alcohol, C29 alkane, C29 sec
ondary alcohol, and C29 ketone (table 2). All mutants, 
except for cer5 and ceri2, have significantly fewer 
tubes than their respective wildtypes (table 1). 

Umbrella structures (fig . 2G), present on only half 
of the examined genotypes, had a positive correlation 
with C22 fatty acid, C30 primary alcohol, C3l alkane, 
and C31 secondary alcohol and a negative correlation 
with C27 alkane (table 2). Mutants with increased 
chain-length distributions of chemical components rel
ative to their respective wildtypes-cer3, cer7, and 
cerl 3, -have high levels of C30 primary alcohol, C31 
alkane, and C3 1 secondary alcohol and some of the 
highest numbers of umbrella structures (table 1). Thus, 
umbrellas were correlated with epicuticular wa'< chem
ical profiles with long chain-length distributions. 

Vertical plates (fig . 2H) were correlated with C 18, 
C26, and C28 fa tty acids; C30 aldehyde; C29 alkane; 

53 
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Tallie 2 Correlations between Epicuticular Wax Chemicals and Suuctures 

Epicuticular wax chemical Dendrites Horizontal suuctures 

C 16 fany acid ·· ······· ····· 
Cl8 fany acid ... .. . ... .... . 
C20 fatty acid 
C22 fatty acid . 
C24 fatty acid .. ... . .... .. .. 
C26 fany acid .... . ...... .. . (- )0.31 ** 
C28 fany acid .. ........ ... . 0.33** 
C30 fany acid .. . ... . . .. . ... 
C24 aldehyde .. .. .... ... ... 0.23* 
C26 aldehyde .. .... .. . .... . 0.35** 
C28 aldehyde ... .... ... . ... 0.44*** 
C30 aldehyde .... .. . . ...... 
C24 primary alcohol 0.52*** 
C26 primary alcohol 
C28 primary alcohol 0.27* 
C30 primary alcohol 0.25* 
C27 alkane ... . .. ... ..... ... 0.25* 
C29 alkane 0.50*** 
C31 alkane .... .. ... ..... ... 0.29* 
C27 secondary alcohol . ... 0.27* 
C29 secondary alcohol . . .. 0.55*** 
C31 secondary alcohol 0.54*** 
C29 ketone .... ... ... .. ..... 0.57*** 
Amyrins 
Este rs ---- -- -- -- -- --
Other terpenoids 0.44*** 

Note. R values are presented for all significant correlations. 
* p < 0.05 . 
** p < 0.01. 
*** p < 0.001. 

C29 secondary alcohol; and C29 ketone (table 2). The 
genotype with the highest number of vertical plates 
was cer4, where 70% of all structures were vertical 
plates (table 1). 

Discussion 

Analysis of the Epicuticular Wax Structures of 
Arabidopsis thaliana 

. Analyses of chemical composition and structures 
have been conducted on the epicuticular waxes of a 
large number of plant species, but rarely have they 
been considered simultaneously. In our analyses of 
wax chemistry and structure, we used a single species 
to reduce variation from differences in epicuticular 
wax pathways and/or developmental synchrony (Ried
erer and Markstadter 1996). The epicuticular wax mu
tants of Arabidopsis thaliana with normal temporal de
velopment, and their respective wildtypes, were the 
targets of our analyses. 

Here we expanded the previously defined categories 
for epicuticular wax structures in A. thaliana from 
Koornneef et al. (1989) to better resolve correlations 
between epicuticular wax chemistry and structure. Our 
examination of 24 genotypes resulted in six distinct 
categories of epicuticular wax structures: dendrites, 
horizontal structures, rods, tubes, umbrellas, and ver
tical plates. 

Epicuticular wax structures 

Rods 

0.40*** 

0.35** 

0.27* 

0.30** 

0.57*** 
0.34** 
0.50*** 

Tubes Umbrellas Venical plates 

0.24* 

0.38** 

0.23* 

0.51 *** 
(-)0.26* 

0.32** 
0.-+3*** 

0.-+2*** 
0.29* 

0.-+1 *** 

Correlations between Epicuticular 
Wax Chemistry and Structure 

0.27* 

0.31** 
0.31** 

0.58*** 

0.52*** 

0 .36** 

0.36** 

There have been many proposed relationships be
tween epicuticular wax chemistry and structure (re
view Baker 1982; Avato 1987; Gi.ilz 1994). Our study 
showed the following relationships between the cor
related chemical and structural compositions of A. 
thaliana stem epicuticular wax. 

Dendrites were previously limited to the genus 
Brassica. Although rarely found there under field 
growth conditions (Holloway et al. 1977), they are 
highly abundant under high temperature and light level 
(Baker 1974). No chemical analysis was done by Ba
ker (1974) to determine if levels of shorter chain
length chemicals were high in those plants. In cerl9 
(fig. lD), where the majority of the structures were 
dendrites, there were increased~ levels of C24 primary 
alcohol, C27 alkane, and C27 secondary alcohol, rel
ative to the wildtype (M . A. Jenks, A. M. Rashotte, 
and K. A. Feldmann, unpublished data). The shorter 
chain-length C24 and C26 aldehydes in cerl9 were 
also slightly increased over wildtype as well . These 
correlations indicate that dendrite structures should be 
found in A. thaliana wax profiles that have a greater 
abundance of shorter chain-length molecules than their 
wildtype. However, despite the correlation of short 
chain-length molecules with dendrites in all other 

. 
1 

f -~. 
t 

' . . 
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chemical classes, no fatty acids of any chain length 
were correlated with dendrites (table 2). 

Umbrellas were a novel category of wax structures, 
described as a rod or tube with a platelike structure 
positioned on top, thus, an umbrella (fig. 2G). Al
though umbrellas were not found in large quantities, 
they were different enough from either rods or tubes 
to warrant a separate class (fig. 2£. F. G). All chem
icals positively correlated with umbrellas were of long 
chain lengths, except the C22 fatty acid. In addition, 
umbrellas were negatively correlated with one short 
chain-length chemical, the C27 alkane (table 2). The 
three genotypes that had the most obvious increase of 
longer chain-length molecules with respect to their 
wildtype--cerJ, cer7, and cerl3-possess umbrella 
structures, most notably cer 13, which contains the 
greatest number of umbrella structures of any geno
type (Jenks et al. 1995; M. A. Jenks, A. M. Rashotte , 
and K. A. Feldmann, unpublished data; table 1). These 
correlations indicate that umbrella structures should be 
found in A. thaliana wax profiles that have a greater 
abundance of longer chain-length molecules than their 
wild types. 

The rest of the structures (horizontal structures, 
rods, tubes, and vertical plates) were found to be high
ly correlated (P < 0.0 I) with C29 alkane, C29 sec
ondary alcohoL C29 ketone, and C28 fatty acid (table 
2). We hypothesize that the C29 constituents are a re
quired component for the formation of all of these 
structures since in all genotypes that have structures, 
except cer 19, a majority of their structural composition 
is a combination of these four structures and a majority 
of their chemical composition is a combination of C29 
components (table 1; Jenks et al. 1995; M . A. Jenks, 
A. M. Rashotte, and K. A. Feldmann, unpublished 
data). In cerl9, the structural complement is made up 
of only 30% horizontal structures, rods, tubes, and ver
tical plates, and in correspondence, C29 components 
are the lowest of any genotypes except for those that 
lack all structures. In addition, the four genotypes that 
nearly lack all C29 components--cerl , cer2, cer6, and 
cer16-have no structures (including horizontal struc
tures, rods , tubes, and vertical plates; table 1). A sim
ilar effect was seen in Riga, a glossy mutant of Bras
sica napus. which was found to have reduced overall 
numbers of structures, similar to those on A. thaliana, 
and drastically reduced amounts of C29 components 
(Holloway et al. 1977) . While the C28 fatty acid was 
correlated with these four structures, it was present in 
low amounts in all genotypes and fails to show as 
dramatic a relationship to these four structures as the 
C29 components (Jenks et al. 1995 ; M. A. Jenks, 
A. M. Rashotte, and K. A. Feldmann, unpublished 
data). We conclude that the C29 components are the 
major contributors to the appearance of horizontal 
structures, rods, tubes, and vertical plates, while the 
C28 fatty acid and other correlated chemical compo
nents may also play a role in the differentiation of 
these structural forms. 

The diversity of chemicals found correlated with 

horizontal structures was not unexpected because of 
the diversity of structural types (horizontal plates, tube 
bases, and irregular horizontal structures; fig. 2B-D) 
included in this category. It is possible, on the basis 
of the similarity of chemicals correlated with horizon
tal structures. rods, tubes, and vertical plates, that there 
may be a correlation between specific structural types 
of the category horizontal structures and rods, tubes, 
and vertical plates. We speculate that horizontal plates 
are true horizontal structures in their orientation, while 
tube bases and irregular horizontal structures could be 
tubes and rods or vertical plates, respectively, that have 
failed to elongate and instead spread out horizontally. 
It is difficult to understand why a wax structure is 
oriented either horizontally or vertically without great
er knowledge as to how waxes are deposited on the 
surface of the plant or how structures change with re
spect to temporal and environmental effects. We are 
presently trying to determine the true orientation of all 
types of horizontal structures by examining genotypes 
that have hi2h numbers of horizontal structures under 
different en.;ironmental conditions, where such a fail
ure to elongate might be corrected (A. M. Rashotte, 
A. S. Ross. and K. A. Feldmann, unpublished data). 

The fi ve wax chemicals correlated with tubes in our 
analyses were also correlated with rods. We are unsure 
if the additional correlation of C28 primary alcohol 
and C31 secondary alcohol with rods and not with 
tubes is sufficient to account for structural differences 
between rods and the wider, hollow tubes. There is, 
however, some evidence to support such a hypothesis. 
The C31 secondary alcohol has been described as re
sponsible for transversally ridged rodlets in Lirioden
dron tulipifera, while the chemically similar nonacos
an-10-ol has been described as responsible for tubules 
in Ginkgo biloba and the Coniferae (Giilz 1994). One 
of the chemicals correlated with both rods and tubes 
in our study, the C29 ketone, has been previously as
sociated with tubes or " loofah·· structures (von Wert
stein-Knowles 1974). The C29 ketone in A. thaliana 
appears to play a major role in the production of rod 
structures since the three genotypes containing the 
greatest numbers of rods--cer5, cerll , and cer12-
have very high levels of C29 ketone (table 1; M. A. 
Jenks, A. M. Rashotte, and K. A. Feldmann, unpub
lished data). However, the ketone appears not to be the 
sole chemical involved in the formation of rods be
cause other genotypes, such as cer4, have high levels 
of C29 ketone, yet no or few rod structures (table 1; 
Jenks et al. 1995). These two examples point out that 
minor chemical constituents may play a large role in 
the final appearance of a wax structure. 

Plate structures have been previously reported as 
correlated with primary alcohols (Baker 1982). How
ever. in our analyses, no primary alcohols were cor
related with vertical plates (table 2). This was high
lighted in the cer4 mutant, which contained a majority 
of plate structures on its surface yet lacked primary 
alcobols (table 1; Jenks et al. 1995). Instead. high lev
els ot C30 aldehyde, C29 alkane, C29 secondary al-
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cobol, and C29 ketone were present in this mutant 
(Jenks et al. 1995). The epicuticular wax of the glossy5 
mutant in Zea mays has a similar structural appearance 
to cer4 (mostly vertical plate structures: Lorenzoni and 
Salamini 1975). It is interesting that the chemical pro
file of glossy5 consists of 83% aldehyde and less than 
1% 29-carbon-length chemical components (Lorenzoni 
and Salamini 1975). This indicates that the C30 alde
hyde may be more directly responsible for the vertical 
plate structures than the C29 components. 
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ABSTRACT 

We present epiciiticular wax (EW) chemical profiles for the leaves and stems of 

Arabidopsis wildtype Landsbeig erecta and eleven isogenic eceriferum mutants: cer5, 

cer 10 to cerl5, and cerl 7 to cerlO. All of these cer mutants have EW profiles that are 

different than those of the wildtype in chemical chain length distribution, amount per 

chemical class, and/or total EW load. Analyses of the detailed leaf and stem E W profiles 

for these cer mutants have allowed us to place several of these mutants at specific steps in 

EW production. The CER19 gene product is predicted to be involved in 28 to 30 carbon 

fatty acyl-CoA elongation. The CERIO and CER13 genes are predicted to affect release 

of the 30 carbon fatty acid from the elongation complex or the reduction of 30 carbon 

fatty acid to 30 aldehyde. The CER5 and CER15 gene products are predicted to be 

involved in more general release from the fatty acid elongation complex. The CERl 7 

and CER20 genes are predicted to affect the oxidation of 29 carbon alkane to 29 carbon 

secondary alcohol. Several predicted gene products affect only leaf or stem specific steps 

in the EW pathway. 
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INTRODUCTION 

Arabidopsis thaliana is a powerful model plant system for dissecting genetic 

components in epicuticular wax (EW) production. In previous studies, 20 EW loci of A. 

thaliana, designated eceriferum or cer, were identified using a visual screen for altered 

stem surfk:e glaucousness [1]. Detailed EW chemical profiles of leaves and stems from 

nine of these cer mutant loci, cerl to cer4, cer6 to cer9, and cer 16 were used to predict 

the role of CER gene fimction in the EW formation pathway of A. thaliana [2]. 

In this report, detailed analyses of leaf and stem EW of the additional eleven cer 

mutant loci are presented. Previous studies reported the amount of major EW classes on 

stems of these 11 cer mutants and some chemical chain length data for 7 of these mutants 

[3,4]. However, leaf EW, stem wax loads, and amount of stem wax constituents by chain 

length relative to plant area had not been examined for these mutants. Our detailed leaf 

and stem analyses of cer5, cer 10 to cerl5, and cerl 7 to cerlO has allowed us to place 

many of these mutants at specific blocks in the EW pathway and for seven loci predict 

gene fimction. Detailed analysis of cer mutants is essential to the continued development 

of an accurate pathway for E W production. 

RESULTS AND DISCUSSION 

Epicuticular Wax Load 

The total EW load for the leaves and stems of Ler and cerS, cerlO to cerl5, and 

cerl 7 to cer20 are presented in table 1. The EW loads are significantly lower than the 

wildtype, Ler, for the mutants, except for the stems of cerl5 and cerl 7 and the leaves of 

cer5, cer 10, and cerll (Table 1). While the total EW load is not significantly different 

for every mutant, the EW loads for both the leaves and stems for all mutants are 

significantly altered in at least two chemical classes (Table I and Data not shown). 

cer Mutant Epicuticular Waxes 
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The EW profiles for all II cer mutants are different fixim the wildtype (Fig. 

1^,3,4). The detailed chemical analysis of leaf and stem EW chemistry of cer mutants 

along with previous studies of A. thaliana EW mutants has allowed us to make 

predictions as to the gene fimction in the mutants examined here [2,3,4, and Rashotte and 

Feldmann, unpublished results]. We have placed blocks on the EW biosynthesis pathway 

which best explains the biochemical data (Fig. 5). 

The cer 10 mutant leaf and stem and the cer 13 mutant stem have substantial 

increases in longer chain length components of both primary alcohols and alkanes, and 

resemble ceri and cer7 mutants (Fig. 1,3 and [2]). We propose that the CERIO and 

CER13 gene products are involved with the C30 fatty acid to C30 aldehyde reduction, 

possibly a fatty acid reductase enzyme. A block or mutation in the C30 fatty acid 

reductase should cause a build-up of C30 fatty acid, which could be either reduced 

directly to C30 primary alcohol or further elongated to C32 fatty acid, which could 

subsequently be reduced to C32 aldehyde and decarbonylated to C31 alkane (Fig. 5). In 

both cerlO leaves and stems and cerlS stems we found the decrease of C30 aldehyde and 

subsequent C29 components, along with an increase of both C30 primary alcohol and 

C31 alkane components as would be predicted (Fig. 1,3). These mutants represent 

defects in important gene products for study as conversion of C30 fatty acid to C30 

aldehyde to C29 alkane and other C29 components is one of the major fluxes in the EW 

pathway in the A. thaliana stem [Rashotte and Feldmann, unpublished result]. However, 

we cannot rule out the possibility that these mutants could also be defects in a C30 fatty 

acid elongase release mechanism which only contributes fatty acids to the alkane flux of 

the pathway as had previously been suggested for cer3 and cer7 [2]. Additionally, 

because our pathway modification eliminates aldehydes as intermediates in the reduction 

of fatty acids to primary alcohols, the hypothesis of a fatty acid to aldehyde reduction 
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block for cer3 and cer7 similar to that for cerlO and cerlS seems likely as well [Rashotte 

and Feldmann, unpublished result]. It is possible that there is more than one gene 

product needed for the conversion of C30 fatty acid to C30 aldehyde in A. thaliana, as 

neither the cerlO or cerlS mutations cause a complete loss of C30 aldehyde and 

subsequently derived pathway products, although this may be because these mutations 

are leaky (Fig. 1,3). 

The earliest precursors of the EW biosynthetic pathway are Coenzyme A (CoA) 

activated fatty acyl chains, which are elongated through condensation by two-carbon 

units. C28 fatly acyl-CoA elongation speared to be inhibited in cerl9 since wax 

constituents derived from all 30 carbon or longer acyl-CoA precursors were reduced in 

the stems, as observed in fatty acid, aldehyde, alkane, and 1-alcohol classes (Fig. 2). 

While the leaves of cer]9 also have reduced components greater than 30 carbons in 

length, there is a reduction of components less than 30 carbons in length with no obvious 

increase of C28 or C27 components as in the stem (Fig. 2,4). Thus we hypothesize the 

cerl9 mutation in fatty acid elongation is stem specific. Other mutants, such as the gl3 

mutation in Z. mays [5] and the gl2 and gl5 mutations of Brassica oleracea [6] had 

similar wax profiles. Potentially, the CERI9 gene product is associated with the putative 

C28 elongase complex (Fig. 5). Stem ester loads were higher on cerI9 than all other cer 

mutants. Interestingly, stem ester levels were also high on the cer2 and cer9 mutants of 

Arabidopsis that, like cer 19 ^pear to have defects in fatty acid elongation [2]. It is 

possible that increased flows of C28 and shorter fatty acids to similar chain length 

primary alcohols allowed for greater amounts of esters to be produced. A putative 

transacylase with specificity for shorter chain length fatty acids and primary alcohols is 

thought to synthesize very long chain esters [7]. The relative increase of primary 

alcohols in cerl9 and also in the cer2 and cer9 putative elongation mutants may result in 
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increased ester levels, because the pools of short chain fatty acid and primary alcohol 

substrates for esterification were increased (Table I and [2]). 

The cerI7 and cer20 stems appear to be blocked in the conversion of C29 alkane 

to C29 secondary alcohol (Fig. 2). The conversion of alkanes to secondary alcohols is 

believed to be carried out by an oxidation of the 14th or 15th carbon in the C29 alkane 

[3]. A block in this specific oxidation step should result in higher C29 alkane levels, 

relative to the total load of the mutants and also reductions of the C29 secondary alcohol 

and C29 ketone levels (Fig. 5). cerI7 and cer20 are the only mutants which have 

increased levels of C29 alkane and reduced levels of both C29 secondary alcohol and 

C29 ketone relative to their EW loads (Fig. 2). Interestingly, while the largest change in 

constituent levels relative to the total load of these two mutants is between the C29 

alkane and C29 secondary alcohol (3.9 and 12.4% reductions for cerl 7 and cerlO, 

respectively), there is also a reduction between C29 secondary alcohol and C29 ketone 

(Fig. 2). It is possible that the gene products of CERl 7 and CER20 are directly involved 

in the enzymatic oxidation of C29 alkane to C29 secondary alcohol or more indirectly 

involved in general oxidation events for both the oxidation of C29 alkane to C29 

secondary alcohol and C29 secondary alcohol to C29 ketone. Further biochemical 

studies are needed to better resolve possible gene fimction. 

There are reductions in both primary alcohol and ester levels compared to 

wildtype levels; 45% and 49% respectively for cer5 leaves and 72% and 54% 

respectively for cerl5 stems (Fig. 2,3). Reductions in both primary alcohol and ester 

levels and unchanged levels of fatty acids in cer5 leaves suggest that cer5 has a defect in 

the reduction of fatty acids to primary alcohols and subsequently the formation of esters 

(Fig. 5). It is possible that the cer5 mutation in the leaves is in a general fatty acid to 

primary alcohol reductase. However, it is just as likely that in the leaves of cerS there is 
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a defect in the release of fatty acids fix>m the fatty acid elongation complex that 

specifically releases fatty acids for reduction to primary alcohol [8]. The cerlS 

mutational defect appears more likely to be the latter as fatty acid levels are reduced 

while aldehyde, alkane, secondary alcohols, and ketone levels are either unchanged or 

increased suggesting that fatty acid release to these components appears unaffected, while 

it is affected in release to primary alcohols (Fig. 2 and Table 1). We predict that the 

CER15 gene product in the stems is involved in the release of fatty acids to primary 

alcohols from the fatty acid elongation complex. 

The cer5 stem profile is different from that of the leaves, with a dramatic decrease 

in aldehyde and alkane levels, while secondary alcohols and ketone levels are 

dramatically higher, relative to the mutant EW load (Fig. 1,3 and Table 1). Interestingly, 

unlike the leaves the stem primary alcohol and ester levels are increased in relative 

percentages (Fig. 1). This phenotype suggests that the cer5 stem mutation somehow 

allows aldehydes and alkanes to be more efRciently converted to C29 secondary alcohol 

and C29 ketone. However, it is also possible that fatty acids targeted for release from the 

fatty acid elongase complex for reduction to aldehydes, decarbonylation to alkanes, and 

subsequent oxidation to secondary alcohols and ketones are less efficiently released. A 

reduction in release efficiency might cause the early classes of components in this branch 

of the pathway to be completely converted to later end product pathway components (Fig. 

5). If the latter case is true, then the CER5 gene product may function in release of fatty 

acids from the elongation complex in both the leaves and stem, but with a role in release 

to different pathway branches in the different organs. Further examination of stems and 

leaves of this mutant in double mutant studies may be able to better resolve the 

CER5 gene function. 
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The other cer mutants, cerll, 12,14, and 18, have distinct leaf and stem EW 

differences from the wildtype (Fig. 1,2^,4). However, we were unable to place these 

mutants at specific steps in the EW pathway to predict gene function. It is possible the 

gene products disrupted in these mutants are involved in EW functions other than 

biosynthesis, such as transport or regulation, which require further examination to 

accurately identify. Double mutant studies of cerll, 12, 14. and 18 with better 

understood cer mutants or gene cloning are needed to help reveal the flmction of the 

respective genes. 

MATERIALS AND METHODS 

Plant material 

Arabidopsis thaliana ecotype Landsberg erecta (Ler) along with chemical- and 

radiation-induced cer mutants from [1] were used for EW analysis. Plants were grown in 

a controlled enviroimiental chamber (CONVIRON, Wiimipeg, Manitoba) at ll^C with a 

16 hour photoperiod (~240 fmol min~2sec"l; ^proximately 75% RH). 

Epicuticular wax analysis 

The hexane soluble surface lipids (designated EW) were bulk extracted from 

leaves and stems of 25 day old plants by immersing tissues in hexane for 30 sec. 

Derivatization, gas chromatography, mass spectrometry, and quantification of identified 

EW constituents were performed according to [2]. 

Chemicals identified as EW constituents on Arabidopsis 

Tetradecanoic, hexadecanoic, octadecanoic, eicosanoic, docosanoic, 

tetracosanoic, hexacosanoic, octacosanoic, triacontanoic acids as CI4, CI6, CI8, C20, 

C22, C24, C26, C28, and C30 free fatty acids; n-pentacosane, n-heptacosane, n-

nonacosane, n-hentriacosane, n-tritriacontane as C25, C27, C29, C31, and C33 alkanes; 

l-tetracosanol, 1-hexacosanoI, 1-octacosanol, I-triacontanol, I-dotriacontanol as C24, 
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C26, C28, C30, and C32 primary alcohols; tetracosanal, hexacosanal, octacosanal, 

triacontanal as C24, C26, C28, and C30 aldehydes; 13- and 14-heptacosanol, 14- and 15-

nonacosanol, 15- and 16-hentriacontanol as C27, C29, and C31 secondary alcohols; and 

15-nonacosanone as C29 ketone. 
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FIGURE LEGENDS 

Fig. 1-4. Epicuticular Wax (EW) Profiles of A. thaliana Wildtype and cer Mutants. Each 

bar shows the amount of a specific EW constituent, labeled on the X-axis by an EW class 

and a carbon unit length of that constituent. The ketone represents a 29 carbon length 

ketone. All measurements are in jig/dm^i standard error. Bars that reach the top of the 

graph have additional numbers adjacent to them, indicating the actual EW amount, which 

is off the Y-axis. Fig. 1 shows leaf EW profiles of cer5,10,11,12, and 13 along with the 

wildtype Ler (Landsberg-erecta). Fig. 2 shows leaf EW profiles of cer 14,15,17,18,19, 

and 20. Fig. 3 shows stem EW profiles of the wax mutants cer5,10,11,12, and 13 along 

with Ler. Fig. 4 shows stem EW profiles of cer 14,15,17,18,19, and 20. 

Fig. 5 Epicuticular Wax Formation Pathway in A. thaliana. A single lined arrow 

indicates single steps in this pathway, while a double lined arrow indicates multiple steps. 

Mutational blocks at specific steps of this pathway are indicated by a thick line across an 

arrow and are labeled by the mutation(s) that are proposed to block there. 

* Stem specific mutational block. 

t Leaf specific mutational block. 
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TABLES 
Table 1. Arabidopsis stem and leaf epicuticular wax on 25 day old wild-type Landsberg 
erecta (Ler) and ecerifentm (cer) mutants. 

Genotype Load* Acids Aide. Alkane l^Alc. 2^Ale. Ket Est. 
Ler stem 

leaf 
2336±23.7 
100.7±10.1 

25.7 
3.4 

76.8 
2.2 

1051 
70.0 

116 
19.7 

323 
0.6 

690 
1.3 

53.4 
3.5 

cerS stem 
leaf 

950±112.1 
83.6ct20.2 

15.4 
3.3 

8.5 
2.7 

128 
66.0 

107 
8.9 

211 
0.1 

428 
0.9 

52.5 
1.7 

cerlO stem 
leaf 

831±i05.5 
81.9±11.9 

16.4 
3.1 

41.7 
2.4 

354 
48.4 

79.1 
22.5 

89.8 
0.4 

207 
0.7 

42.8 
4.4 

cerll stem 
leaf 

1234±191 
74.0±17.9 

21.2 
5.9 

33.1 
3.4 

509 
47.8 

95.9 
10.4 

170 
0.3 

295 
0.6 

24.9 
4.2 

cerl2 stem 
leaf 

174l±95.7 
64.3±6.8 

18.0 
3.1 

48.3 
3.0 

590 
46.9 

166 
7.9 

270 
0.2 

602 
0.8 

46.7 
2.4 

cerI3 stem 
leaf 

1398±138 
74.9±3.6 

14.3 
4.0 

23.6 
2.3 

486 
49.3 

245 
12.3 

160 
0.4 

401 
1.4 

68.5 
5.2 

cerl4 stem 
leaf 

1645±389 
49.5±1.5 

18.3 
3.4 

46.9 
1.5 

657 
35.7 

148 
6.5 

237 
0.1 

489 
0.4 

49.4 
1.9 

cerlS stem 
leaf 

2129±250 
59.l±I.3 

18.3 
2.7 

76.4 
2.7 

976 
41.8 

83.4 
8.0 

289 
0.3 

657 
0.7 

28.6 
2.9 

cerl7 stem 
leaf 

2210±182 
73.4±8.9 

16.2 
4.0 

88.4 
1.9 

1045 
48.7 

130 
12.3 

264 
0.2 

582 
0.7 

84.0 
5.6 

cerl8 stem 
leaf 

1897±268 
70.9±8.9 

14.5 
4.3 

48.1 
2.0 

685 
49.6 

190 
10.7 

252 
0.1 

635 
0.5 

72.1 
3.7 

cerl9 stem 
leaf 

712±36.2 
68.4±6.2 

13-9 
4.0 

33.1 
2.9 

184 
43.1 

128 
14.3 

65.4 
0.1 

187 
0.4 

100.4 
3.6 

cer20 stem 
leaf 

1642±144 
70.9±3.9 

19.5 
3.4 

81.0 
2.7 

902 
49.3 

93.5 
10.2 

174 
0.3 

305 
0.8 

66.9 
4.2 

*A11 values are presented in ng dm"2 for three replicates; total load represents the 
average total amount of hexane soluble surface wax constituents (excluding triterpenoids 
and unknowns) in ng dm"2 for three replicate surface areas ± standard error. 
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ABSTRACT 

The ecerifenim{cer) mutants in Arabidopsis thaliana are some of the best 

characterized epicuticular wax (EW) mutants in plants. However, despite extensive 

investigation, including the cloning of the CERl, 2, and 3 genes, the role of CER genes in 

epicuticular wax formation remains largely untested. To gain insight into the 

mechanisms of specific CER gene fiinction we have constructed all possible double 

mutants with the first four cer mutants {cerlxcer2, 1x3, 1x4, 2x3, 2x4, and 3x4). These 

cer mutant interactions resulted in six double mutant genotypes each with novel EW 

chemistry and structures. Characterization of double mutant E W using gas 

chromatography and scanning electron microscopy lead us propose novel models for 

each cer mutant defect, a novel function for each CER gene, and modifications of 

previous E W pathway models. 
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INTRODUCTION 

UtilizatioQ of EW mutants from barl^, maize, sorghum, pea, Brassica oleracea, 

and Arabidopsis has been instnmientai in the development of proposed EW biosynthetic 

pathwa}'s and well as increasing our understanding of the genes involved in EW 

formation (Avato et al., 1984, von Wettstein-Knowles, 1995, Kolattukudy, 1996, and 

Post-Beittenmiller, 1998). However, many EW mutant phenotypes are not easily 

explained as simple blocks in the EW biosynthetic pathway, most likely because EW 

chemistry and structure can be affected by a several classes of mutations. Examples of 

such mutational classes include (1) direct disruption of a biosynthetic enzyme (von 

Wettstein-Knowles, 1995, Kolattukudy, 1996, and Jenks et al., 1995), (2) alteration in 

EW transport through vesicles or lipid transfer protein, specifically affecting inner or 

extracellular EW movement (Hallam and Juniper, 1992 and Pyee et al., 1994), (3) 

regulatory mutations affecting expression, timing, or tissue specificity (von Wettstein-

Knowles, 1995 and Jenks et al., 1995), and (4) other alterations in the endoplasmic 

reticulirai, golgi apparatus, plastids, cell wall, or cuticle that would indirectly affect EW 

biosynthesis or accumulation (Kolattukudy, 1996, Jenks et al., 1996). We believe that 

more detailed analyses of EW mutants and their interactions with each other in relation to 

the biosynthetic pathway, can reveal greater understanding of the biosynthetic pathway, 

specific mutant defects, and the specific role of those genes in EW production. 

In A. thaliana the biosynthesis and deposition of the major EW chemical 

components, aldehydes, alkanes, esters, firee fatty acids, ketones, and primary and 

secondary alcohols, is thought to be controlled by at least 25 independent genes as 

evidenced by 25 distinct mutant loci having altered EW phenotypes (Jenks et al., 1995, 

Jenks et al., 1996, Rashotte et al., submitted). Several different fimctional classes of EW 

mutants have been identified based on changes in chemical phenotypes. Mutations 
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believed to specifically affect the EW fatty acid elongation complex have been observed 

in the eceriferum or cer mutants of A. thaliana as blocks in the conversion of C28 to C30 

for cerl stems and C26 to C28 for cer9 leaves, resulting in decreased EW chain length 

distributions. Mutants with longer chain length components have been observed for cerZ, 

cer7, and cer 12 (Jenks et al., 1995 and Rashotte et al., submitted). Additionally, there are 

mutants that almost completely lack one or several entire EW chemical classes, such as 

primary alcohols for cer4 and alkanes, ketones, and secondary alcohols for cerl (Jenks et 

al., 1995). However, for many of the CER loci it has been difficult to make specific 

hypotheses about their function from chemical or structural characterization of altered 

EW. A genetic approach to examining CER loci using double mutant analyses could be 

helpful in determining whether mutant loci are defective in EW biosynthesis, deposition, 

or regulation (Avato et al., 1984). 

Foury4. thaliana EW mutants, cerl, cer2, cer3, and cer4, seemed particularly 

useful for this analysis because of their diverse chemistry, and detailed characterization, 

including cloning of three of these mutant genes. 

cerl has been described as a mutation in the aldehyde decarbonylase, blocking 

conversion from aldehydes to alkanes (Jenks et al., 1995, McNevin et al., 1993). 

Chemically cerl is highly reduced in all constituents and completely lacks wild-type 

structures on the stem surface (Koomneef et al., 1989, Jenks et al., 1995, Rashotte and 

Feldmann, 1998). The cer2 mutation has been described as affecting the fatty acid 

elongase complex, blocking elongation greater than C28 (McNevin et al., 1993, Jenks et 

al., 1995). The chemical profile of this mutant is primarily composed of C26 and C28 

primary alcohols, and is devoid of wild-type structures (Koomneef et al., 1989, Jenks et 

al., 1995, Rashotte and Feldmann, 1998). The cer3 mutation results in an increased chain 

length distribution of alkanes and primary and secondary alcohols with high levels of 
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long chain components, such as C30 primary alcohol and C31 alkane (Jenks et al., 1995), 

and EW structures similar to the wildtype, but reduced in overall number (Rashotte and 

Feldmann, 1998). Nonspecific function has been proposed for the CER3 gene (Hannoufa 

et al., 1996). cer4 has been described as a mutation in the aldehyde reductase enzyme, 

blocking conversion of aldehydes to primary alcohols (McNevin et al., 1993, Jenks et al., 

1995). Chemically this mutant lacks both primary alcohols and esters and structurally it 

is composed of a majority of plate structures, lacking the predominant rod and tube 

structures of the wildtype (Rashotte and Feldmann, 1998). Despite what is known about 

these four cer mutants, the interactions that these genes have with each other in wax 

formation are unknown. 

In this study we examine the chemical and structural EW phenotypes present on 

the stems and leaves of every possible double mutant generated between cerl, cer2, cer3, 

and cer4. Analysis of EW double mutant phenotypes provides novel information on each 

cer mutant defect and results in an improved prediction of each CER gene fimction in 

EW production (Avato et al., 1987). 

RESULTS 

The double mutants, cer 1x2, cerlxS, cerlx4, cer2x3, cer2x4, and cer3x4 were 

generated through crossing the single cer mutant genotypes, cerl, cer2, cerS, and cer4 to 

each other. Selection of each double mutant was conducted through extensive screening 

by GC and SEM of F2 populations of the single cer mutant crosses for EW chemical and 

structural differences fix>m the parental genotypes. Each potential double mutant was 

confirmed through reciprocal crossed parental by potential double mutant genotypes. 

The cer mutants have distinct glossy stems and no visual leaf waxes differences 

compared to the wildtype. All of the double mutants analyzed had a grossly similar 

visual phenotype to these cer single mutants (data not shown). 
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Wax Stem Structural Profiles of the Double Mutants 

The stem structural profiles on all double mutants were found to be novel 

compared to other cer mutants or the wildtype, which contains rods, tubes, plates, and 

horizontal irregular structures. Several double mutants contained mostly amorphous 

surfaces, yet were still distinct from their parents, while others contained novel structures. 

The cer 1x2 surface was similar to the amorphous surface of cerl, while having 

characteristic roimded ridges that run parallel to the long axis of the stem, except for in 

rare areas (less than 2% of the total surface) containing small ribbon structures (Fig. IC, 

F). Ribbon structures have not been previously observed on any Arabidopsis EW mutant 

or wildtype. The cer 1x3 mutant was different from either parent, completely lacking any 

trace of surface structures. While the lack of structures on cer 1x3 is similar to its cerl 

parent, cerl still has very small flake-like traces of wild-type structures absent on cer 1x3 

(Fig IB, G). SEM of the cer 1x4 double mutant identified many small rounded flakes as a 

novel and the only major structures present (Fig. IH). However, the very small flake-like 

traces of structures present on cerl are also present on cer 1x4 (Fig IB, H). Small ribbon 

structures were found covering the surface of the cer2x3 double mutant (Fig. II). These 

small ribbons primarily run parallel with the long axis of the stem as do the much 

smaller, smoother, and less frequent ridges of cer2, however, the cer2x3 ribbons protrude 

fix)m these ridges and firequentiy interconnect with each other yielding a much different 

surface than found on cer2 (Fig. IC, I). The structural appearance of cer2x4 is nearly 

identical to the cer 1x2 double mutant: small ribbon structures appearing only in rare 

patches over a mostly ccr2-like surface (Fig. IF, J). The cer3x4 double mutant was 

easily identified by SEM analysis, due to its complete lack of surface structures, even the 

small flakes and ridges found on cerl and cer2 are absent (Fig. IK), in contrast to the 

variety and mmiber of structures found on cer3 and cer4. 
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The abaxial and adaxial leaf surfaces of all double mutants had no EW structures, 

similar to the single mutants and the wildtype, Ws-2 (data not shown). 

Wax Chemical Proffles of the Double Mutants 

The total EW load and chemical profiles of all the double mutants and their 

parents are detailed in Table I and Figures 2 and 3. The total load and defining chemical 

characteristics of each of the double mutants are described below. The chemical 

composition on the stem of cerlxl (load 236 ^ig dm"2) consisted mostly of C26 and C28 

primary alcohols, and esters (Table I and Fig. 2). The level of C26 primary alcohol was 

intermediate to the parents, while the level of C28 was similar to cer2. The stem EW 

profile of cerlx3 (load 329 ^g dm"2) consists primarily of C28 and C30 primary alcohols 

and esters (Table I and Fig. 2). The rest of the cerlx3 profile appears to be a combination 

of the cerl and cer3 profiles, where odd chain length components of cerlx3 are very low, 

like cerl, and the aldehydes of cerlx3 are similarly low, like cer3 (Fig. 2). The cerlx4 

stem (load 196 ^g dm"2) profile is dominated by the C30 aldehyde (Table I and Fig. 2). 

The cer2x3 stem (load 681 |xg dm"2) has the same two major wax components as cerl, 

C26 and C28 primary alcohols, but at increased levels (Table I and Fig. 2). However, the 

cer2x3 ratio of C26 to C28 primary alcohol is approximately 1 to 1, while in cer2 the 

C26 to C28 primary alcohol ratio is approximately 2 to 1. The stem chemical profile of 

cer2x4 (load 177 fig dm"2) is also very similar to the profile of cerlx2, consisting of 

primarily C26 and C28 primary alcohols and esters (Table I and Fig. 2). The profile of 

cer3x4 (load 306 ng dm"2) is very similar to cer3, except with a greater reduction in load 

and a complete lack of primary alcohols, as in cer4 (Table I and Fig. 2). 

The chemical composition of cerlx2 leaves (load 213 ng dm'2) was similar to the 

cer2 profile, except that the fetty acids and aldehyde profiles of cerlx2 resembled cerl, 

but at increased levels (Table I and Fig. 3). Interestingly, this is the only double mutant 
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tissue with a wildtype wax load (Table I). The profile of the leaves of cerlxS (load 64 

dm"2) parallels the cerlx3 stems, in that primary alcohols of cerlxS resemble those found 

on both cerl and cerS, and the alkanes of cerlxS resemble cerl (Table I and Fig. 3). The 

chemical profile of the leaves of cerlx4 (load 68 ng dm"^) has a shorter chain length 

distribution of alkanes and a general reduction in primary alcohols, similar to the stem 

(Table I and Fig. 3). The cer2x3 leaf chemistry (load 99 fig dm"2) is very similar to the 

cer3 profile, except for the primary alcohols, which resemble cer2 (Table I and Fig. 3). 

The leaves of cer2x4 (load 84 fig dm~2) are, like the stem, somewhat similar to that of 

cerlxl, however, the primary alcohol distribution is altered and the entire load is reduced 

in cer2x4 (Table I and Fig. 3). The leaves of cer3x4 (load 114 ng dm"2) have a chemical 

profile similar to the cer3x4 stem, in that it is similar to cer3 with a complete lack of 

primary alcohols, except for alkane levels, which are increased (Table I and Fig. 3). 

Double Mutant Fertility 

Two of the four single mutants, cerl and cer3, have been classified as having a reduced 

fertile phenotype, while cer2 and cer4 have wildtype fertility levels. However, growing 

cerl and cer3 under high humidity conditions can compensate for reduced fertility. We 

found only minor reductions in cerl and cer3 fertility under 50%RH and no reduction at 

75%RH or higher (data not shown). The cerlx2 and cerlx4 double mutants were found 

to have reduced fertility similar to that of either cerl or cer3 under 50%RH (data not 

shown). The cerlx3 double mutant had less fertility than observed for either cerl or 

cer5, resulting in less than 10 seeds produced per plant and rarely more than one seed per 

silique, even imder high relative humidity (75%RH) (data not shown). The other double 

mutants were found to have wildtype levels of fertility under both 50% and 75% RH 

(data not shown). 

DISCUSSION 
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cerly cer2, ceri, and cer4 seemed ideal to use for double mutant analysis in order 

to increase our knowledge of EW production, since their EW constituents and 

morphology had been previously characterized, three of the respective wildiype genes 

had been cloned, and subsequent gene function had been proposed for some (Lemieux et 

al., 1994, Jenks et al., 1995, Post-Beittenmiller, 1998). Examination of the six double 

mutants, cerlx2, cerlx3^ cerlx4, cer2x3, cer2x4, and cer3x4, by GC and SEM allowed us 

to more specifically determine if previous hypotheses regarding each cer single mutant 

defect, each CER gene flmction, and the overall EW pathway model were correct. 

cerl has been described from previous stem EW chemical analyses as having a 

block in the decarbonylation of C30 aldehyde to C29 alkane, resulting in a large 

reduction of C29 alkane and a build-up of the C30 aldehyde precursor (McNevin et al., 

1993, Jenks et al., 1995). Additionally, homology of the CERI gene sequence suggests 

similarity to an aldehyde decarbonylase (Aarts et al., 1995). The cer 1x2, cer 1x3, and 

cerlx4 double mutants have virtually no 29 carbon length components present in their 

stem EW although this might be expected for cer 1x2, since cer2 also lacks C29 

components. However, neither cer 1x2 nor cer 1x3 have increased levels of aldehydes as 

would be predicted from a mutation in the C30 aldehyde decarbonylase. Additional 

evidence that CERI is not the C30 aldehyde decarbonylase is the drastic reduction in the 

stem EW load of cerl to 13.3% of wildtype levels, which cannot be entirely accounted 

for by the loss of C29 wax components (Table 1, Fig 2). 

The leaf EW chemical profile of cerl does have drastically reduced C29 alkane 

levels similar to the stem. However, imlike the stem, other carbon length alkanes are also 

greatly reduced and the overall alkane profile is altered, while primary alcohols are only 

reduced in load. Leaf chemical profiles of cerl double mutants have alkane profiles 

similar to cerl, except for cer 1x2. 
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These data suggest that there are too many inconsistencies for CERl to function 

as the C30 aldehyde decarbonylase enzyme. Phenotypic inconsistencies, similar to our 

results have been observed in the maize EW mutant gll. Hansen et al. (1997) present 

convincing evidence that GLI and CERl, which have high homology to each other, may 

not be aldehyde decarbonylase enzymes. Unfortunately, no other flmction for the CERl 

gene is apparent fix)m this study. 

cer2 has been previously described as having a stem specific mutation that blocks 

fetty acid elongation fiom C28 to C30 (McNevin et al., 1993; Jenks et al., 1995). The 

cloning of CER2 revealed its only significant homology to the maize G12 gene, that has 

no defined function, although chemical analysis of the gll mutant EW suggests a block in 

C30 to C32 fatty acid elongation (Avato 1987, Negmk et al., 1996, Xia et al., 1996). 

However, it has also been hypothesized that the CER2 gene flmctions in a regulatory role 

for EW production (Xia et al., 1997). 

Analyses of the cer2 double mutants' stem EW revealed no significant amounts of 

carbon length components greater than C28. However, we believe that the primary 

defect of this mutation is in the elongation of C26 to C28 fatty acid. cer2 and all cer2 

double mutants contain a major proportion of their stem EW as C26 and C28 carbon 

length primary alcohols, believed to be reduced directly firom identical chain length fatty 

acids (Vioque and Kolattukudy, 1997). The amount of C26 primary alcohol is greater 

than C28 primary alcohol in cer2 and cer2x4, instead of a predicted build-up at the C28 

block. This suggests that the CER2 gene may regulate the attachment of the C26 and 

C28 fatty acids to the elongation complex. Reduction in attachment proficiency would 

result in a greater amount of C26 fatty acid being reduced to C26 primary alcohol, as is 

observed in cer2 and cer2x4. We also hypothesize that longer chain length fatty acids 

prove more difficult to attach to the elongation complex, thus elongation of C28 to C30 



84 

acids would occur at a lower rate than for the C26 to C28 elongation. This is 

consistent with the result that EW components greater than C28 are rarely observed in 

cer2 or any of its respective double mutants, even with single mutants characterized by 

longer skewed chain lengths (Fig 2). While these results are consistent with the 

hypothesis of cer2 directly affecting an attachment subunit of the elongation complex, 

they are also consistent with regulation of fatty acid elongation. 

Chemical analysis of the cer2 double mutants' leaf EW, revealed that each double 

mutant appears to have either its alkanes or primary alcohols affected by the cer2 

mutation despite prior descriptions of CER2 as stem specific. Our results support 

previous data showing CER2 expression in leaf tissue and indicates that the CER2 gene 

does not fimction in a stem and silique specific manner as previously speculated, but also 

functions in the leaves (Negruk at al., 1996). The lack of obvious leaf chemical changes 

in the cer2 mutant from the wildtype, combined with cer2's effects in double mutant 

combinations supports a regulatory function for CER2 in the leaves. Together the leaf 

and stem chemical data suggest a regulatory function for CER2 in the EW pathway, more 

specifically for the stem, control of fatty acid elongation from C26 to C28 to C30. 

However, a regulatory function of this gene does help explain the lack of homology of 

both CER2 and GL2 to other fatty acid elongation enzymes. 

cerS has been previously described as a mutation affecting an increase in the 

chain length distribution of the EW constituents, while wildtype gene sequence revealed 

it to be novel (Jenks et al., 1995, Hannoufa et al., 1996, Lemieux, 1996). The cerlx3, 

cer2x3, and cer3x4 double mutants all show increased chain length distributions of EW 

constituents in background of the other cer mutant's profile as observed for cer3 

compared to the wildtype. We propose that the cer3 mutation blocks the reduction of 

C28 and C30 fatty acids to corresponding chain length aldehydes, but not of longer chain 
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length &tty acids to aldehydes and subsequently alkanes or the reduction of fatty acids to 

primary alcohols without an aldehyde intermediate. Additionally, we propose that the 

cer3 block along the major flux of C30 fatty acid to C30 aldehyde results in elongation of 

part of the blocked C30 fatty acid pool to C32 fatty acid which is then decarfoonylated to 

C31 alkane and reduction of another part of the C30 fatty acid pool to C30 primary 

alcohol. Such a defect explains both the reduced levels of C27 and C29 components and 

the increase of C30 primary alcohol and C31 alkane in cer3. As would be predicted this 

defect is observed in the stem chemistry of the double mutants. cerlxS shows increased 

levels of both C28 and C30 primary alcohols, while C31 compounds are not increased 

most likely due to the effect of cerl. cer2x3 shows dramatic increases in the levels of 

both C26 and C28 primary alcohols. The result that C26 and C28 instead of C28 and 

C30 primary alcohols are increased in cer2x3 spears to be a result of the cer2 mutation 

restricting components to 28 carbons or less. cer3x4 shows proportionally higher levels 

of C31 alkane as predicted, while the primary alcohols are absent, most likely due to the 

effect of cer4. The leaves of cer3 also ^pear to also be effected by a similar block in a 

major pathway flux. However, as revealed by the cerlx3, cer2x3, and cer3x4 double 

mutants the unallocated fatty acids do not appear to be as readily reduced to primary 

alcohols of corresponding chain lengths. We believe that the cer3 reduction in E W load 

(51.9% and 37.7% of wildtype levels in the stem and leaf, respectively) is related to 

change in flux of the pathway through less efficient steps. Together these results suggest 

that the CER3 gene product fimctions in reducing C28 and C30 fatty acids to C28 and 

C30 aldehydes respectively, as a carbon chain length specific fatty acid reductase. 

cer4 has been previously described as a mutation in the aldehyde reductase 

enzyme, blocking all aldehyde conversion to primary alcohols (McNevin et al., 1993, 

Jenks et al., 1995). Our analyses confirm that there is a defect in the production of 
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primary alcohols in the single mutant and all cer4 double mutants in both stem and leaf 

tissue. However, because of Vioque and Kolattukudy's (1997) woiic showing that very 

long chain fatty acids can be reduced to primary alcohols without release of an aldehyde 

intermediate, we hypothesize that the cer4 defect efTects the reduction of fatty acids 

directly to primary alcohols, rather than the reduction of aldehydes to primary alcohols. 

Incorporation of this direct fatty acid to primary alcohol reduction enzyme in the 

Arabidopsis EW pathway model predicts that lack of primary alcohols in the cer4 mutant 

would not result in increased aldehyde levels as previously hypothesized, but in increased 

fatty acid levels that could be rerouted though other pathway branches. cer4 and the cer4 

double mutant phenotypes are consistent with this model pathway change, since no build 

up of C26 or C28 aldehyde occurs and the increased level of C30 aldehyde is likely a 

result of its presence in an overloaded EW flux pathway from C30 fatty acid to C29 

ketone (fig 4). These results suggest that the CER4 gene functions as a fatty acid 

reductase enzyme that convert fatty acids to primary alcohols without an aldehyde 

intermediate. However, curiously, in both the leaves and the stems of the cerlx4 and 

cer2x4 double mutants, C28 primary alcohol is present. This suggests that the cer4 

mutation may not be a null mutation or that there is a by-pass mechanism to this single 

enzyme step. The latter might occur through the reduction of fatty acid to aldehyde that 

is further reduced to primary alcohol, although there is no increase of C28 aldehyde in 

either of these two double mutants, arguing for cer4 as a leaky mutation. 

The examination of EW structures on these double mutants has revealed that 

novel EW chemical profiles can generate novel EW structures. This result is expected 

since there is known to be a direct correlation between E W chemistry and structure in 

Arabidopsis (Rashotte and Feldmann, 1998). The cerlx4 double mutant has flake-like 

structures previously unidentified in Arabidopsis. The similarity of cerlx4 and cerl 
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chemical profiles may explain the additional presence of very small fake-like structures 

present on both of these genotypes, while the single largest chemical difference in these 

profiles, a doubling of the C30 aldehyde levels on cerlx4 may be responsible for the 

presence of the larger novel fiake-like structures. The two and four fold increases in C26 

and C28 primary alcohol levels, respectively on the cer2x3 double mutant over cer2 

levels could be responsible for the presence of the small ribbon structures observed to be 

occurring over cer2-like ridges on this double mutant Another indication that primary 

alcohol levels are correlated to the small rounded ridges of cer2 is that these ridges are 

absent in the cer3x4 double mutant, which completely lacks primary alcohols. The 

similar complete lack of even the cer2 rounded ridges in cerlx3, indicates that if very low 

levels of primary alcohols are responsible for this effect then it must be the C26 primary 

alcohol level since both C28 and C30 levels are high in cerlxS. Interestingly, if this was 

the case then the only slightly higher levels of C26 primary alcohol on both cerlx2 and 

cer2x4 than for cerlx3 could be responsible for the rare patches of small ribbon structures 

on these double mutants. Additionally, the similar occurrence of this structural pattern on 

cerlx2 and cer2x4 double mutants is ahnost certainly correlated to their similar EW 

chemical profile. Overall the structures of the double mutants phenotypes indicate 

additive effects of the cer mutants, similar to the chemical phenotypes. 

Our examination of the double mutant biochemical profiles along with a re

examination of the single mutant profiles and newly proposed enz3ane properties has 

allowed us to support two modifications to the biosynthetic pathways for EW in A. 

thaliana (fig 4). The first is the addition of a primary flux through the pathway. Since 

there is a split in the EW pathway product flow fix)m free fatty acids to primary alcohols 

and from fi«e fatty acids to alkanes, we propose a split in the pathway primary flux (fig 

4). This split can be observed by examining the chain lengths of the major constituents 



88 

of the wild^e EW profile and similarity by that of the single and double mutants (fig 

23). One branch of the primary flux on the stem is from the C28 fatty acid to the C28 

primary alcohol, while the other flux branch is firom the 30 fatty acid through 30 

aldehyde, 29 alkane, and 29 secondary alcohol to the 29 ketone (fig 4). Interestingly, the 

branches of the primaiy flux occur at different chain lengths in the leaves; the branch 

fit)m fatty acid to primary alcohol is at both C26 and C28, while the branch firom the fatty 

acid to alkane is primarily at C31 (fig 4). The importance of where these primary fluxes 

occur in the pathways can be observed in mutations, such as cer3 and its double mutants, 

which show that a mutant block in one branch of the primary pathway flux can cause 

back-ups and rerouting of EW into other branches of the pathway. The second 

modification recently proposed to the EW pathway model is to have fatty acids reduced 

directly to primary alcohols without a fireely available aldehyde intemiediate (Post-

Beittenmiller, 1998). Vioque and Kolattukudy (1997) showed that in pea, fatty acids 

could be directly converted to primary alcohols by one enzyme and Post-Beittenmiller 

(1998) suggested such an enzymatic reaction could also occur in Arabidopsis. We 

believe that examination of the EW chemistry cer4 double mutants in this study indicates 

that the conversion of fatty acids to primary alcohols without an aldehyde intermediate is 

a correct model and also e^pears to be the sole method for primary alcohol formation in 

A. thaliana. 

The examination of double mutant EW phenotypes in this study has revealed new 

information about each single mutant defect, gene fimction, and the EW pathway model. 

CERl appears not to be the aldehyde decarbonylase enzyme and most likely does not 

have an enzymatic function. CER2 seems to be a regulatory gene affecting fatty acid 

elongation in the stem and a less specific target in the leaves. CER3 appears to have a 

specific 28 and 30 carbon length fatty acid to aldehyde reductase function in the stem and 
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a similar 28, 30, and 32 carbon specific flmction in the leaves. CER4 seems to have a 

fatty acid to primary alcohol reductase fimction. Additionally, the cerlx2, cerlxS, 

cerlx4, cer2x3, cer2x4, and cer3x4 double mutants all ^pear to have overall additive 

effects from their individual single mutant parents, indicating that the CERl, CER2, 

CER3y and CER4 genes effect distinct parts of EW production. 

MATERIALS AND METHODS 

Plant Material 

Arabidopsis thaliana plants used in this experiment were all of the Wassilewskija 

(Ws-2) backgroimd. cerl, cer2^ cer3, and cer4 mutants were generated using 

Agrobacterium tumefaciens T-DNA mutagenesis (see Feldmann and Maiics 1987). 

Plants were grown in controlled environmental chambers at 22oC for 16h in the light 

(-240 nmol m-^s'l; 75% RH) and 18oC for 8h in the dark (75% RH) under a 16:8 hour 

light:dark cycle. SEM was conducted from the same pools of plants on which GC 

analyses were conducted. Three or more individual plants from each line were examined. 

SEM samples were prepared from 25 to 30d old plants by taking an approximately I cm 

sample from the primary inflorescence between the first and second cauline leaves 

(second intemode) for the stem examination and a 1 cm^ sample across the middle of the 

third or forth basal rosette leaf for leaf abaxial and adaxial examination. Samples from 

other areas of the stem were also observed using SEM to ensiire the consistency of 

results. 

All crosses were performed reciprocally, using a dissecting microscope, tweezers, 

and fine implements to first emasculate and then pollinate the flower. Selfing of 

subsequent generations (Fi, F2, and F3) was conducted to avoid outcrossing. 

Screening for cer Double Mutants 

F1 plants from all crosses were glaucous (wild-type) in phenotype, as expected 
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since cerl, cer2, cer3, and cer4 are all non-allelic recessive mutations (Koomneef et al., 

1989). F2 generation plants were scored for glaucous and glossy phenotypes and shown 

to segregate 9:1, (WT to cer), respectively. The F2 glossy plants were further screened 

using S£M, since it is impossible to visually distinguish between different cer mutants. 

Stem samples from each cer F2 plant were scored using SEM and classified as mutant 

parental type A, parental type B, or of a novel type, the potential double mutant AB, as 

would be expected from the 3:3:1 ratio of the F2 population (9:3:3:1). Stem wax of 

putative double mutants was analyzed by GC and compared to the two parental types to 

identify novel phenotypes of a putative double mutant. Final confirmation came from 

crosses between the putative double mutant and each parental type. The progeny from all 

of the double mutants had a cer phenotype. All double mutants reported in this paper 

were confirmed this way (data not shown). GC and SEM analyses of the leaves of the 

double mutants were conducted after their final confirmation. 

Scanning Electron Microscopy 

All plant samples were air dried at least 24 hours and then sputter-coated with a 

gold-platinum mixture for 30, 90, and 180s, consecutively. The initial short bursts were 

to eliminate EW structures frram melting and the longer coat is to eliminate charging and 

clarify the image. All plant samples were observed with an ISI-DS-130 SEM at lOkv. 

Gas Chromatography 

Ail gas chromatogr^hy data was generated using 25 to 30d old plants grown 

under the standardized conditions described above. Replicates were compiled and 

averaged for at least three stem and leaf samples from each line. The tissues from the 

plants, primary stem (stem) and rosette leaves (leaves), were collected, photocopied, and 

dipped in redistilled hexane for 30s to remove the EW. This hexane extract was filtered 

into a vial where the hexane was evaporated using nitrogen gas, leaving only a wax 
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residue, which is derivatized in preparation for injection into the GC (Jenks et al., 1995). 

The photocopy of the tissue was digitized using the Sigma Scan computer program by 

Jandel or by scanning into pict files and determining tissue area with the NIH hnage 

computer program. There is no difference between areas analyzed using either of these 

methods above. Using the tissue area, the amount of wax per unit surface area was 

determined for all samples. For a detailed procedure of the GC method along with a list 

of chemical compounds screened for by GC, see material and methods in Jenks et al., 

1995. Specific chemical components of the GC screen may be referred to for simplicity 

in this pq)er by their carbon chain length and chemical class: for example C29 alkane, 

refers to the 29 carbon chain length alkane, nonacosanol. 
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HGURE LEGENDS 

Fig. 1 Microscopic Stem-Surface Morphology Representative of A. thaliana Genotypes. 

All SEM photos were taken at 5000X and 10 kV. The scale bar of 5 nm in panel A is 

accurate for all panels. Representative surface morphology is shown for A to E, G, H, I, 

and K. Panels F and J show the only surface structures seen on these mutants (appearing 

over less than 2% of the total surface area) which otherwise is highly similar to cer2. A. 

Ws-2, wildtype genotype; B. cerl; C. cer2; D. cer3; E. cer4; F. cerlx2; G. cerlxS; H. 

cerlx4; I. cer2x3; J. cer2x4; K. cer3x4. 

Fig. 2,3 Epicuticular Wax Profiles of A. thaliana Wildtype and cer Mutants. Each bar 

shows the amount of a specific epicuticular wax constituent, labeled on the X-axis by an 

epicuticular wax class and a carbon unit length of that constituent. The ketone represents 

a 29 carbon length ketone. All measurements are in jig/dm^i standard error. Bars that 

reach the top of the gr^h have additional nimibers adjacent to them, indicating the actual 

epicuticidar wax amount, which is off the Y-axis. Fig. 2 presents stem epicuticular wax 

profiles of the wildtype Ws-2, wax mutants cerl, cer2, cer3, and cer4 and double mutants 

cer 1x2, cer 1x3, cer 1x4, cer2x3, cer2x4, and cer3x4. Fig. 3 presents leaf epicuticular wax 

profiles of the wildtype Ws-2, wax mutants cerl, cer2, cer3, and cer4 and double mutants 

cer 1x2, cer 1x3, cer 1x4, cer2x3, cer2x4, and cer3x4. 

Fig. 4 Epicuticular Wax Formation Pathway in A. thaliana. A single lined arrow 

indicates single steps of this pathway, while a double lined arrow indicates multiple steps. 

Thick arrows represent primary pathway flux branches. Mutational blocks at specific 

steps of this pathway are indicated by a thick line across an arrow and are labeled by the 

mutation(s) that are proposed to block there. 
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* Stem specific pathway fliu branch or mutational block. 

t Leaf specific pathway flux branch or mutational block. 
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TABLES 

Table I Epicuticular Wax Stem and Leaf Load of Arabidopsis Wildtype, cer Single and 

Double Mutants in jxg dm"^ Relative to Wildtype 

Genotype Stem Load* Stem Wt% Leaf Load* LeafWt% 
Ws 1621.0±41.3 lOO.O 208.1±42.5 100.0 
cerl 147.I±I7.1 9.1 68.0±6.7 32.7 
cer2 269.4±28.9 16.6 143.1±19.1 68.8 
cer3 791.9±I13.0 48.9 782±12.0 37.6 
cert 1641.6±109.0 101.2 109.4±63 52.6 
cerlx2 235.6±69.6 14.5 2I2.5±36.5 102.1 
cerlx3 329.3±I6.4 20.3 64.1±7.5 30.8 
cerlx4 196.2±61.6 12.1 67.8±28.8 32.6 
cer2x3 68I.1±40.3 42.0 98.6±18.0 47.4 
cer2x4 177J±18.7 10.9 83.9±9.6 40.3 
cer3x4 305.5±24.4 18.8 114.2±32.8 54.9 

• Epicuticular wax load in ng dm"2±standard error fix)m at least three replicates 
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ABSTRACT 

We conducted a non-visual screen for epicuticular wax mutants in Arabidopsis 

thaliema. Using gas chromatography we screened over 1200 EMS lines for alterations in 

the major y4. thaliana wildtype stem chemical components. Five lines showed distinct 

differences from the wildtype and were further analyzed by gas chromatography and 

scaiming electron microscopy. The five mutants were mapped to chromosome locations 

using SSLPs and then tested for allelism with other wax mutant loci mapping to the same 

region. The moping of the known epicuticular wax (eceriferum) mutants cerlO to cer20 

was conducted first to allow the allelism tests to be completed. From these five lines, we 

have identified three epicuticular wax mutants defining novel genes that have been 

designated eceriferum or cer22, cer23, and cer24. Detailed stem and leaf chemistry have 

allowed us to place these novel mutants in specific steps of the epicuticular wax 

formation pathway and to make hypotheses about their gene function. 
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INTRODUCTION 

Epicuticular wax (EW) is found ubiquitously coating the aerial surfaces of all 

plants and has been proposed to fiinction in a wide variety of aspects important to plant 

fitness (Baker, 1982). laArabidopsis thaliana, EW has been examined on leaf, stem, and 

silique tissues and ^)pears to have some function in fertility and plant-insect interactions 

(Koomneef et al. 1989, Jenks et al. 1995, Hiilskamp et al., 1995). 

Previously, at least 24 different genes affecting EW formation had been identified 

in A thaliana-. CER1-20 {ECERIFERUM), BCFl {BICENTIFOUA), KNBl 

iKNOBHEAD), TT5 {TRANSPARENT TESTA), and WAXl (Lemieux et al. 1994, Jenks et 

al. 1996). For a number of reasons, we hypothesized that more genes could be identified 

in A. thaliana. First, previous screens for EW mutants resulted in only one allele for 

eight of the loci, suggesting that the genome has not been saturated for EW mutants 

(Koomneef et al., 1989). Second, all previous screens for EW mutants have been 

conducted visually for a glossy stem phenotype (Koomneef et al., 1989, McNevin et al., 

1993), yet it is possible that more subtle phenotypes could be detected by more revealing 

techniques, such as gas chromatography (GC) or scanning electron microscopy (SEM). 

Finally, many predicted enzymatic steps in the EW biosynthetic pathway of A. thaliana 

have no mutational blocks effecting them among the known mutants (Lemieux, 1996, 

Post-Beittenmiller, 1998). 

The study of EW biosynthesis in plants has been greatly advanced through the 

characterization of mutants from A. thaliana, barley, Brassica oleraceae, pea, sorghum, 

and Zea mays (Lemieux et al., 1994, von Wettstein-BCnowles, 1995, Macey and Barber, 

1970a,b, Jenks et al., 1992, Avato et al., 1984). Moreover, the identification of novel EW 

mutants has and will continue to be an essential part of elucidating gene involvement in 

EW biosynthesis, regulation, and transport. All EW mutants isolated from the above and 
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other plant species were identified visually as either having a glossy or a more prominent, 

glaucous wax bloom on above ground organ(s) (Lemieux et al., 1994, Jenks et al., 1996, 

von Wettstein-Knowles, 1995, Macey and Barber, 1970a,b, Jenks et al., 1992, Avato et 

al., 1984). However, it is the detailed chemical information obtained from these mutants, 

which has increased our knowledge about EW, not visual information. In this study, we 

screen for mutants with altered EW using a non-visual method, gas chromatography 

(GC), such that different or more subtle EW mutants than had previously been foimd 

could be identified and characterized. 

RESULTS 

Revision of our standard GC method to examine EW eillowed us to analyze 

smaller samples in one tenth of the previous time for the eight chemicals in the greatest 

abundance on the wildtype stem. The initial GC screen of the secondary inflorescence of 

1229 individual EMS mutagenized M2 plants yielded 75 putative mutants with altered 

EW. Seeds from the primary inflorescence of these 75 individuals were harvested and 

grown. Each of these 75 individuals was sampled in a standard GC analysis. From these 

75 individuals, 5 lines, 65, 133,848, 884, and 1062, were selected as being distinctly 

different from the wildtype. Visually, the stems of lines 65, 133, 848, and 884 were 

glossy, while 1062 had a glaucous or wild-type ^pearance (Fig. 1). All lines are 

recessive mutants with altered structural and chemical EW. Other than the EW defect, 

133, 848, 884 and 1062 have wild-type morphology throughout development (data not 

shown). Line 65 has one additional phenotypic difference from wildtype found linked to 

the EW defect, reduced fertility. The reduced fertility in line 65 results in approximately 



107 

50% less seed production under moderate humidity growth conditions and no change in 

seed production under high humidity growth conditions (data not shown). 
cer Mapping and Novel Loci Confirmation 

Rather than perform allelism tests with ail the known cer mutants, we decided to 

m£^ these mutant lines to specific chromosome locations. In this way allelism tests 

would only need to be conducted with linked loci. First, the previously unmapped cer 

mutants, cerlO to 20, were mapped to distinct chromosome locations relative to 20 SSLP 

molecular makers (Fig 2). These 11 mutants map to 6 general regions: the lower arm of 

chromosome 1 {cer 17, 19), the upper arm of chromosome 2 {cer 14, 16), the lower arm of 

chromosome 3 {cer 10. 13, and 15), the middle of chromosome 4 {cerll, 12), and the 

middle and lower arm of chromosome 5 {cer20 and cerl8 respectively) (Fig 2, Table I). 

Mapping of lines 65, 133, 848, 884, and 1062 was then conducted in a similar manner 

(see above). The map positions of the mutant lines relative to their closest linked SSLP 

maiicer is presented (Table I). Allelism tests with these new lines were performed with 

other loci that m^ to the same region of the genome (Table I)- Two mutant lines, 133 

and 884 were found to be allelic to each other and to cer2, and have been designated 

cer2-133 and cer2-884 (Table I). The three other lines, 65, 848, and 1062 were found to 

be novel loci and have been designated as cer22, cer23, and cer24 respectively. The map 

positions of these novel loci along with the previously existing cer loci are presented (Fig 

2). The four non-cer loci with altered EW all have additional linked phenotypes not 

present in any of the novel cer mutants and thus were excluded from allelism tests. 

Wax Structural Profiles of Novel cer Mutants 
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EW structures on stems and leaves of mutants were examined using SEM and 

their form and abundance are compared to those on the wildtype and on other cer 

mutants. 

The cer22 stem has a highly reduced number of EW structures compared to the 

wildtype (Fig. 3). The only structures foimd on the stem of cer22 are small horizontal 

irregular structures (Fig. 3B). The cer22 stem lacks any rods, tubes, or vertical plates that 

are found on the wildtype and do not resemble any other cer mutant. The cer23 stem has 

s^roximately a 50% reduction in the total number of structures compared to wildtype 

(Fig. 3D). The structures found on the cer23 stem consist of horizontal irregular 

structures, rods, tubes, and vertical plates similar to the wildtype and also very long 

filament structures not found on the wildtype. The cer24 stem has ^proximately the 

same number of structures as the wildtype (Figs. 3 A, F). EW structures on the cer24 

stem primarily consist of horizontal irregular structures and does not resemble any other 

cer mutant. cer22. 23. 24, cer2-133, and cer2-884 lack any EW structures on their 

leaves, similar to the wildtype, Ws (data not shown). Both cer2-133 and cer2-884 almost 

completely lack structures on their stem surfaces similar to other alleles of cer2, however, 

small horizontal irregular structures do appear rarely, possibly due to the increase in E W 

load (Figs. 3C, E, Table 1, and data not shown). 

EW chemistry on the stems and leaves of mutants was examined using GC and 

changes in both total load and EW class constituents are compared to the wildtype. 

Stem Wax Chemical Profiles of Novel cer Mutants 

The total stem EW load for cer22 was 582jig dm"2, compared to 36% for the 

wildtype. Fatty acid levels overall and for individiial fatty acid constituents were similar 

to the wildtype (Fig. 4). Aldehyde levels were doubled over wildtype levels due solely to 

the increase of C30 aldehyde (Fig. 4). Alkane levels were greatly reduced, with the C29 
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alkane reduced to 14% of that of wildtype (Fig. 4). Primary alcohol levels were also 

reduced, mostly due to reductions in C26 and C30 alcohols (Fig. 4). Secondary alcohols 

and ketone levels were also reduced, to 20% and 24% of wildtype levels, respectively 

(Fig. 4). Esters were greatly increased, to 300% of wildtype levels (Fig. 4). Amyrins and 

terpenoid levels were also reduced (Fig. 4). 

The total stem EW load for cer23 was 1157|ig dm"2, compared to 71% for the 

wildtype. Fatty acid levels and constituents were relatively unchanged from the wildtype 

(Fig. 4). Aldehyde levels were reduced as compared to wildtype, primarily due to the 

decrease of C30 aldehyde (Fig. 4). Alkane levels were greatly reduced as in cer22, but 

with the C29 alkane reduced to 25% of that of wildtype (Fig. 4). Primary alcohol were 

greatly increased, with C26 and C28 alcohols, increased to 167% and 194% of wildtype 

levels, respectively (Fig. 4). Secondary alcohol levels were only slightly reduced, while 

the ketone level was slightly increased (Fig. 4). The esters were doubled in cer23, the 

amyrin level was reduced, and the terpenoid level was unchanged from the wildtype (Fig. 

4). 

The total stem EW load for cer24 was 1277pg dm"2, which is 79% of wildtype. 

The fatty acid total level was unchanged, however, C26 levels were reduced and C30 

levels were increased (Fig. 4). Aldehyde levels and constituents were unchanged as 

compared to wildtype (Fig. 4). Alkanes were slightly reduced, due to a decrease in the 

C29 alkane to 78% of the wildtype level (Fig. 4). Primary alcohols were greatly altered, 

with an increase in the C24 alcohol, no change in the C26 alcohol, and a reduction of C28 

and C30 alcohols to 25% and 0% of wildtype levels, respectively (Fig. 4). Secondary 

alcohols and ketone levels were reduced to 66% and 86% of wildtype, respectively (Fig. 

4). The esters were more than doubled (Fig. 4). The amyrin level was slightly increased 

and the terpenoid level was decreased as compared to wildtype (Fig. 4). 
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Leaf Wax Chemical Profiles of Novel cer Mutants 

The total leaf EW load for cer22 was 53.2ng dm"2, which is 33% of wildtype 

levels and similar to the stem comparison. Total fatty acid levels were similar to the 

wildtype, however, cer22 had increased CI8 and C20 acids and decreased C24, C26, 

C28, and C30 acids in the wildtype leaf (Fig. 5). Aldehyde levels were slightly higher 

than wildtype due to increased C26 aldehyde despite the decreased C30 aldehyde (Fig. 

5). Alkanes were greatly reduced, with the C29, C31, and C33 alkanes reduced to 

between 10%-20% of wildtype levels (Fig. 5). Primary alcohols were also reduced, 

mostly due to reductions in C26 and C28 alcohols (Fig. 5). Secondary alcohols and 

terpenoid levels were slightly reduced, while ketone, esters and amyrin levels were more 

reduced (Fig. 5). 

The total leaf EW load for cer23 was 67.8ng dm"2, which is 41% of wildtype 

levels. Fatty acid levels and constituents were relatively unchanged from the wildtype 

(Fig. 5). Aldehyde levels were similar to wildtype, but there was an increase of C26 

aldehyde and decrease of C30 aldehyde (Fig. 5). Alkanes were greatly reduced, but less 

so than in cer22 (Fig. 5). Primary alcohols were also greatly reduced, mostly due to 

decreases in C26 and C28 alcohols (Fig. 5). Secondary alcohols, ketone, and terpenoid 

levels were reduced only slightly, while esters and amyrin levels were more significantly 

reduced (Fig. 5). 

The total leaf EW load for cer24 was 219.6(xg dm"2, which is 134% of wildtype 

levels. Fatty acid levels were greatly increased from the wildtype, due to increases in 

CI8, C20, C24, C26, and C30 acids (Fig. 4). Aldehyde levels were only slightly 

increased compared to wildtype (Fig. 5). Alkanes were greatly altered in cer24, with a 

25% and 40% increase in C29, C31 alkanes, respectively, and with a decrease in C33 

alkane (12% of the wildtype) (Fig. 5). Primary alcohol levels overall were relatively 
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unchanged, while there was a large reduction in the C28 alcohol and increases in both 

C24 and C30 alcohols (Fig. S). Esters and amyrin levels were increased, while secondary 

alcohols, ketone, and terpenoid levels were relatively unchanged (Fig. 5). 

DISCUSSION 

Our screen for mutants with altered EW using, gas chromatography (GC) was 

composed of a short, less than six minute, GC analysis of the major peaks of single plant 

EW and a longer analysis to identify all EW constituents. While the shorter GC analysis 

reduced our ability to detect many altered EW phenotypes that a full length analysis of 

EW would identify, it allowed ten times as many samples to be analyzed. The initial 

short GC analysis screen of 1229 samples 3aelded 75 possible mutant candidates. 

However, after full length analysis of these 75 possible mutants only 5 appeared 

significantly different from the wildtype. We attribute the high number of false positives 

found in this initial screen to the small EW sample size and sample variability (Riederer 

and Maricstadter, 1996). However, it is possible that there are subtle differences in the 

EW of the secondary inflorescence examined in the initial screen and the primary 

inflorescences examined the fiill length GC analysis. The five remaining putative EW 

mutants were confirmed as mutants with altered EW. Three of these mutants were 

confirmed as novel and have been designated cer22,23, and 24, while the other two were 

identified as new alleles of cer2. The mutants found in this screen fall into three 

categories: previously identified loci, cer2-133 and cer2-884, novel mutant loci with a 

visual glossy phenotype, cer22 and cer23, and one novel mutant locus without a visual 

glossy phenotype, cer24. In fiilly considering the results of our screen with previous 

screens in A. thaliana for cer mutants, we reached several conclusions. First, GC 

screening can detect novel mutants at loci such as cer24 that have not been and would not 
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have been detected in visual screens. Second, GC screening also identifies previously 

identified EW mutants, cer2, as would be expected since all previously identified cer 

mutants had altered EW chemistry. Previous visual screens for altered EW mutants, cers, 

have resulted in a total of 102 alleles belonging to 21 distinct loci (Dellaert et al., 1979, 

Koomneef et al., 1989, McNevin et al., 1993). The mutant identification rate of this GC 

screen is 3 times higher than a previous screen of a T-DNA mutagenized population, 13 

times lower than a screen of a fast neutron mutagenized population and 4 times lower 

than previous screens fix)m x-ray and EMS mutagenized populations (Dellaert, 1979 and 

McNevin et al., 1993). This GC screen will continue to uncover still more novel cer 

mutant loci, since the genome and the EW biochemical pathway is not saturated with 

mutations. A GC based screen is an effective method for identifying EW mutants and 

could be more effective if it was larger and more detailed. 

The mapping of cer 10 to cer20 and lines 65, 133, 848, 884, and 1062 has resulted 

in the placement of all CER loci onto the chromosomes of A. thaliana (Fig. 2). 

Interestingly, CER loci map to eight general regions of the genome, with four regions (the 

lower arms of chromosomes I, IE, and IV and the upper arm of chromosome II) 

containing 18 of the 23 loci (Fig. 2). Most of the closely linked CER genes are not 

related in predicted function, however, there are three groups of linked loci with similar 

predicted flmction. CER2 and CER9, on the lower arm of chromosome IV, are both 

predicted to be involved in increasing the chain length of fatty acids in the fatty acid 

elongation complex, although at different chain lengths (Fig. 2 and Jenks et al., 1995). 

CER6 and CER19, on the lower arm of chromosome I, have gene products also predicted 

to be involved in increasing the chain length of fatty acids in the fatty acid elongation 

complex (Fig. 2, Jenks et al., 1995, Rashotte et al., in preparation). C£7?5, also on the 

lower arm of chromosome I, is additionally predicted to be involved in the fatty acid 
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elongation complex, although with release, not elongation (Fig. 2 and Rashotte et al., in 

preparation). Three genes on the lower arm of chromosome HI, CER7. 10, and 13 are all 

predicted to be involved in the reduction of C30 fatty acid to C30 aldehyde (Fig. 2 and 

Rashotte et al., in preparation). While genes with similar predicted function are linked to 

each other, only CER5 and CER19 appear to have tight linkage. 

Complete mapping of all CER loci greatly simplified testing for novel CER loci. 

For the five mutant lines identified in our screen only 2 to 5 loci were tested for allelism 

with these mutants rather than 20. A reduction in the number of loci for which allelism 

needs to be tested is very helpful because of the large number of CER loci and the 

reduced fertility associated with several loci (Koomneef et al., 1989). 

The cer22 stem appears to be blocked in the conversion of C30 aldehyde to C29 

alkane (Fig. 4, 6). A block at this step should cause an increase in C30 aldehyde (204% 

of wildtype in cer22) and a reduction in C29 alkane (14% of wildtype in cer22), C29 

secondary alcohol (20% of wildtype in cer22), and C29 ketone (25% of wildtype in 

cer22) relative to wildtype. Additionally, the cer22 stem EW profile has only minor 

reductions in fatty acids and primary alcohols. The large (300% of wildtype) level of 

esters in the stems of cer22 could be due to the block of C30 aldehyde conversion, which 

could result in an additional increase of C30 fatty acid that would then be available for 

conversion to esters. Both cerl and cerl6 have been predicted to block the conversion of 

aldehyde to alkane in the EW pathway, like cer22, and the CERl gene product has even 

been predicted to be an aldehyde decarbonylase enzjone (Aarts et al., 1995). However, 

the primary alcohols of both cerl and cerI6 are drastically altered fix)m their wildtype 

profiles, which would not be predicted if these gene products were involved in 

decarbonylation (Jenks et al., 1995, Hansen et al., 1997). Interestingly, the primary 

alcohols of the cer22 stem are relatively unaffected, with C28 as the major alcohol, and 
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with C26 and C30 levels nearly equal to each other as in the wildtype (Fig. 4). We 

predict that the CER22 gene product regulates or is the C30 aldehyde decarbonylase in 

the stem. The effect of the CER22 gene product in the leaves is unclear. While in the 

cer22 leaves there is a general reduction in alkanes, there is also a dramatic decrease of 

C26 and C28 primary alcohols and no increase of C30 aldehyde (Fig. 5). EW structures 

are also present on the stem of cer22, while they are lacking on both cerl and cerI6 (Fig. 

3, Koomneef et al., 1989, Rashotte et al., 1998). 

The cer23 stem has an increase in primary alcohols and an apparent shunting of 

products from C30 aldehyde to C29 alkane, C29 secondary alcohol, and C29 ketone (Fig. 

4). We believe that this phenotype might be explained as a defect in the fatty acid release 

from the fatty acid elongation complex, in which reduced amounts of C30 fatty acid are 

released to the C30 aldehyde used in alkane, but not primary alcohol synthesis. The 

reduction in flow of components through the C30 aldehyde to C29 constituent branch of 

the pathway should cause components closest to the block in this branch to be reduced 

and components at the endpoint of the branch to be increased, as observed in cer23 (Fig. 

6). The EW profile on the leaves of cer23 does not appear to be affected at the same 

block in the EW pathway. Instead, there is a more general reduction in both alkanes and 

primary alcohols, which is different from that of the stems (Fig. 4,5). We are unsure as to 

the flmction of the CER23 gene product in the leaf. The EW structures on the stem of 

cer23 most strongly resemble those of cerl 8, as one might expect from a mutant with a 

similar profile and levels of primary alcohols, although other chemistry is different (Fig. 

3,4, Rashotte and Feldmann, 1998, Rashotte et al., in preparation). 

The E W profile of the cer24 stem is very similar to the wildtype except for the 

primary alcohols (Fig. 4). We predict that the CER24 gene product in the stem is 

involved the direct reduction of C28 and C30 fatty acid to C28 and C30 primary alcohol. 
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possibly a chain length specific fatty acid to primary alcohol reductase (Fig. 6, Vioque 

and Kolattukudy, 1997). The direct enzymatic conversion of fatty acids to primary 

alcohols has also been predicted, although CER4 appears to be non-chain length specific 

(Rashotte and Feldmann, in preparation). The phenotype of EW on cer24 stems provide 

additional evidence that there is no fiee aldehyde intermediate in the reduction of fatty 

acids to primary alcohols, as there is a reduction of primary alcohols without an 

accimiulation of aldehydes of the same chain lengths (Fig. 4). Similar evidence can also 

be observed from the EW chemistry on the stems of cer4 and cer4 double mutants with 

other cer mutant loci (Fig. 4 and Rashotte and Feldmann, in preparation). The leaves of 

cer24 have a different EW chemical profile than observed on the stem (Fig. 4,5). While 

the leaf C28 primary alcohol is reduced as in the stem, there are several increases in other 

chemical classes that do not correspond to a mutation defect similar to the stem, therefore 

we can make no prediction about the CER24 gene product function in the leaves (Fig. 

4,5,6). 

The EW structures on the stem of cer24 are as abundant as on the wildtype, but 

are composed of 90% horizontal irregular structures (Fig. 3, data not shown, Rashotte and 

Feldmann, 1998). It is likely that this combination of an unusual composition of 

structures present in wildtype number confers a glaucous visual stem phenotype. 

Interestingly, this is the only cer mutant, which does not cause a fine mist of water 

droplets to bead on its stem surface, instead a fine mist of water pools on the stem of 

cer24 similar to the wildtype. Despite the lack of a visual cer phenotype, we believe that 

cer24 classifies as a true cer mutant since its EW is altered in ways which can be detected 

by GC and SEM. 

The EW chemical and structural profiles of cer2-133 and cer2-884 were similar to 

previously analyzed cer2 alleles, except that the primary alcohols were reduced on the 
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leaves and overall loads on the stems are increased and that there were the rare 

q)pearance of small horizontal irregular structures on the stems (Figs. 3,4, 5, Koomneef 

et al., 1989, Lemieux et al., 1994, Jenks et al., 1995, Rashotte and Feldmann, 1998, 

Rashotte and Feldmann, in preparation). 

In summary, we used a new method for screening altered EW mutants to identify 

three novel loci. This GC method was both effective and likely to identify additional EW 

mutants upon increased screening. Additionally, because of the identification of cer24, 

that would not have been detected using previous screening methods, this screen could 

also identify similar mutant loci. M^ing of existing and these novel cer mutant loci 

will allow easier identification of novel loci in future efforts. Predictions of biochemical 

pathway blocks and gene function were made from the chemical analyses of these novel 

mutants, providing new information on the EW formation pathway model in A. thaliana. 

MATERIALS AND METHODS 

Plant Material 

M2 mutagenized EMS plants used in this experiment were of the Wassilewskija 

(Ws-2) background, as were the cerl, 2, 3, and cer4 mutants used for allelism testing. 

cer mutants (cerS to 20) were in the Landsberg erecta (Ler) background. Plants were 

grown in controlled environmental chambers at 22°C for 16h in the light (-240 |imol m" 

2s"l; 50 to 75% RH) and 18®C for 8h in the daric (50 to 75% EIH). All crosses to confirm 

allelism or generate mapping populations were performed in a reciprocal manner, using a 

dissecting scope, tweezers, and fine implements to first emasculate and then pollinate the 

flower. 

Mapping of Novel cer Mutants 

cer 10 to cer20 were crossed to the Columbia (Col) ecotype to generate mapping 

populations. The Col ecotype was used because of the high number of informative simple 
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sequence length polymorphism (SSLP) maricers between Col and Let (Bell and Ecker, 

1994). The five mutant lines, 65,133,848, 884, and 1062 were also crossed to the Col 

ecotype to generate mapping populations. F i plants from these crosses were verified as 

being wild-type in phenotype either by visual or SEM analysis. Individual F2 generation 

plants that were observed as having a mutant phenotype, verified either by visual or SEM 

analysis, had DNA extracted from them using a modified protocol from Edwards et al. 

(1991). Leaf tissue was groimd in an extraction buffer (200 mM Tris pH 7.5,250 mM 

NaCl, 25 mM EDTA, and 0.5% SDS), centrifliged, and DNA precipitated from the 

supernatant with an equal volume of isopropanol, air-dried and resuspended in 100 ^l TE. 

SSLP moping was performed according to the method of Bell and Ecker (1994). 

Sixteen mutant F2 plants from each line were scored initially, followed by additional 

plants once linkage was detected. SSLP PCR products were resolved on a 2.67% agarose 

gel in IX TAE, and each lane scored for the genotype of the SSLP marker. Wildtype 

DNA from both the wildtype ecotypes corresponding to a mutant were included as 

controls for all PCR reactions with specific a SSLP marker. Final confirmation of novel 

loci status came from allelism crosses between the mutant lines and known cer loci that 

nu^ped within 10 cM of each line. All map positions were determined relative to SSLP 

maricer positions (1995-1997 SSLP marker positions) using the Kosambi mapping 

fimction for distance and corresponding standard error (Koomneef and Stam, 1992). 

Scanning Electron Microscopy 

All plant samples were air dried at least 24 hours and then sputter-coated with a 

gold-platinum mixture for 30s, 90s, and 180s, consecutively. The initial short bursts are 

to eliminate EW structures from melting and the later longer coat is to eliminate charging 

and clarify the image. All plant samples were observed with an ISI-DS-130 SEM at 

lOkv. Three samples of each tissue for each line were examined. SEM tissue samples 
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were prepared from 25 to 30d old plants. Stem samples, 1 cm in length, were taken from 

the primary inflorescence between the first and second cauline leaves (second intemode). 

Leaf samples, 1 cm^ areas, were taken across the middle of the third or fourth basal 

rosette leaf for abaxial and adaxial examination. 

Gas Chromatography 

All gas chromatogr^hy data was generated using 25 to 30d old plants grown 

imder the standardized conditions described above. The tissue from the primary 

inflorescence (stem) and rosette leaves, was collected, photocopied, and then dipped in 

redistilled hexane for 30s to remove the EW. This hexane extract was filtered into a vial 

where the hexane was ev^wrated using nitrogen gas, leaving only a wax residue which 

was derivatized in preparation for injection into the gas chromatogr^h (GC) (Jenks et al., 

1995). These hexane containing wax components were analyzed with a Hewlett Packard 

5890 series II GC equipped with a flame ionization detector. The GC was equipped with 

a 12-m, 0.2-mm HP-1 capillary column with heliimi as the carrier gas. The photocopy of 

the tissue was scanned into computer pict files where tissue area was determined using 

NIH Image software. Using the tissue area, the amount of wax per unit surface area was 

determined for ail samples. The initial screening of the 1229 EMS plant stems was 

conducted over a 5.35 minute GC run length. The following conditions were used; initial 

oven temperature 250OC, injector temperature 320OC, and detector temperature 320OC. 

The initial rate of temperature increase was 250C min"^ until 290OC and then a rate of 

80C min"l increase until a final temperature of 320OC. All GC analyses conducted after 

the initial screening, referred to as full length, were performed as in Jenks et al., 1995. 

For a detailed procedure of the GC method along with a list of chemical compounds 

analyzed by GC, see Material and Methods in Jenks et al., 1995. Three replicates were 

compiled and averaged for stem and leaf tissues firom each line; 65, 133, 848, 884, and 
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1062. Specific chemical components of the GC screen may be referred to for simplicity 

in this paper by their carbon chain length and chemical class; for example C29 alkane, 

refers to the 29 carbon chain length alkane, nonacosanol. 
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HGURE LEGENDS 

Fig. 1 Stems of wildtype (Ws-2) and novel eceriferum mutants. The second intemode of 

the primary inflorescence is displayed fixjm left to right: Ws-2 (wildtype background), 

line 65 (cer22), line 133 (cer2-133), line 848 {cer24), line 884 {cer2-884), and line 1062 

{cer24). The scale bar is 3.25cm. 

Fig. 2 Map positions of novel and existing cer mutants on A. thaliana chromosomes. A. 

thaliana chromosomes are represented by vertical lines approximating their known 

relative sizes and denoted at the top by a roman numeral, cer mutants are placed to the 

distinct chromosome locations where they mapped relative to SSLP markers, indicated to 

the left of a mutant designation by a number and a relative position on the chromosome. 

*cerl to cer9 were mapped previously, relative to phenotypic markers 

Fig. 3 Microscopic stem-surface morphology representative of the novel A. thaliana cer 

mutants and wildtype. All SEM photos taken at 5000X and 10 kV. The scale bar is 5 

pim in all photos. A. Ws-2, wildtype; B. line 65 (cer22); C. line 133 (cer2-133); D. line 

848 (cer23y, E. line 884 {cer2-884); F. line 1062 {cer24). 

Fig. 4, 5 Epicuticular wax profiles of A. thaliana wildtype and cer mutants. Each bar 

shows the amount of a specific epicuticular wax constituent, labeled on the X-axis by an 

epicuticular wax class and a carbon unit length of that constituent. The ketone represents 

a 29 carbon length ketone. All measurements are in ^g/dm^i standard error. Bars that 

reach the top of the graph have additional numbers adjacent to them indicating the actual 

epicuticular wax amount off the Y-axis. Fig. 4 represents stem epicuticular wax profiles 

of Ws-2, wildtype, line 65 (cer22), line 133 {cer2-133), line 848 (cer23. line 884 (cer2-
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884), and line 1062 {cer24). Fig. 5 represents leaf epicuticular wax profiles Ws-2, 

wildtype, line 65 {cer22 ), line 133 (cer2-I33), line 848 {cer23. line 884 {cer2-884), and 

line 1062 {cer24). 

Fig. 6 A model of epicuticular wax biosynthesis in A. thaliana. In this model a single 

lined arrow indicates a single step, while a double lined arrow indicates multiple steps. 

Thick arrows represent primary pathway flux branches. Mutational blocks at specific 

steps of this pathway are indicated by a thick line across an arrow and are labeled by the 

mutation(s) that are proposed to block there. 

• Stem specific mutational block. 



TABLES 

Table 1 Linkage Data for cer loci 

Locus Closest Linked Maiicer Distance from Marker LOD 
cerlO AthGAPab 15.6 cM±4.3 10.03 
cer 11 nga 1107 27.4 cM±7.7 3.18 
cerI2 nga 1111 28.6 cM±7.6 3.29 
cerl3 AthGAPab 3.5 cM+2.4 13.68 
cerl4 nga 1145 31.9cM±7.5 3.33 
cerlS AthGAPab 20.1 cM±5.0 7.52 
cerI6 nga 1145 28.6 cM±7.6 3.29 
cer 17 T27K12-Sp6 12.4 cM±4.0 10.63 
cerl8 AthS0191 28.6 cM±7.6 3.29 
cer 19 nga392 15.6 cM±4.3 10.03 
cer20 nga 151 24.5 cM±6.5 4.51 
line 65 {cer22) AthGAPab 16.2cM±7.1 3.61 
line 133 {cer2-133) nga 1107 18.1 cM±6.0 5.25 
line 848 (cer23) nga 361 25.0 cM±7.4 3.45 
line 884 (cer2-884) nga 1107 23.3 cM±5.3 6.77 
line 1062 {cer24) nga 6 19.3 cM±5.4 7.11 
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Abstract 

Epicuticular wax (EW) has been previously shown to be a chemical cue in plant-

insect interactions. In this manuscript detailed chemical and structural knowledge of EW 

mutants (ecerifenan or cer) in Arabidopsis thaliana was used to examine the role of EW 

in fecundity and behavior for the aphids Brevicoryne brassicae and Myzus persicae. 

There was a significant reduction in fecundity for both ^hids on cer3 mutant plants, 

while not on the wildtype (Ws) or other cer mutants. This suggests that some component 

of the EW in cer3 is responsible for this antibiotic effect Behavioral observations of 

both aphids on several cer mutants and the wildtype were also made. These revealed that 

B. brassicae spent more than double the amount of time walking on cer3 compared to the 

wildtype. This antixenotic effect was not observed for M persicae. Further behavioral 

examinations on plants with either cer3 or Ws EW painted on their surfaces showed that 

it was the EW of cer3 causing the alterations in B. brassicae behavior. One EW 

component unique to cer3 compared to other plants exanuned in this study is triacontanol 

(TRIA), which is at a 5 fold greater level on cer3 than Ws. The painting of TRIA at cer3 

levels onto the surface of Ws resiilted in an antixenotic effect for B. brassicae similar to 

that observed with painted cer3 EW. This suggests that TRIA levels serve as a host plant 

cue for B. brassicae and that the 5-fold increase of this chemical cue on cer3 results in 

antixenosis and possibly antibiosis. 
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Introduction 

Epicuticular wax (EW) which covers the aerial surfaces of all plants has been 

shown to play a direct role in interactions between insects and plants in numerous studies 

(summarized in Espelie et al., 1991). However, there are few studies where EW was 

shown to be directly involved in altering insect behavior and fewer studies where the 

specific constituents of plant EW chemistry were directly identified as affecting insect 

behavior (Eigenbrode, 1996). Almost certainly, the small number of plant species and 

EW mutants for which detailed EW chemistry has been thoroughly examined (Riederer 

and Markstadter, 1996), has limited information regarding the involvement of specific 

chemicals of the EW in insect-plant interactions. 

In this woiic, we chose to make use of the detailed chemical and structural 

knowledge of EW in Arabidopsis thaliana eceriferum (cer) mutants to study effects on 

insect interactions (Jenks et al., 1995; Rashotte and Feldmann, 1998; Rashotte et al., in 

preparation). Several previous studies examining insect fecundity or behavior on E W 

altered plants were undertaken on plants where little or nothing is known of their EW 

chemical composition (Eigenbrode, 1996). la A, thaliana, the cerl, 2, 3, 4, and 3x4 

double mutant have unique EW chemical differences from each other and their wildtype 

background, Ws (Jenks et al., 1995; Rashotte et al., in preparation). In the cerl mutant 

there are low levels of all EW components except triacontanal and the cer2 mutant has 

low levels of all EW components except for hexacosanol and octacosanol. The cer3 

mutant has reduced levels of aldehydes, alkanes, ketones, and secondary alcohols, but 

high levels of triacontanol, while in cer4 there are very low levels of all primary alcohols, 

and the cer3x4 double mutant has an EW composition similar to cer3, but lacking 

primary alcohols. Detailed EW knowledge for these cer mutants should allow us to 
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identify specific chemical or structural components of EW that could affect plant-insect 

interactions. 

A. thaliana is a valuable genetic tool that has been imder utilized for plant-insect 

studies, although a previous study has used the respective cer mutants to examine 

Plutella xylostella behavior (Eigenbrode, 1996). We chose to examine aphid behavior on 

A. thaliana due to several reports of aphids, such as Brevicoryne brassicae, having 

reduced fecundity or altered behaviors on glossy or altered EW mutants of various 

species from the Brassicaceae, of which thaliana is a member (Thompson, 1963; Way 

and Murdie, 1965; Bogdanov et al., 1983; Lowe et al., 1985; Lamb et al., 1993; 

Eigenbrode, 1996). 

The present research was designed to examine if the detailed EW knowledge of A. 

thaliana cer mutants could be correlated with any changes in aphid fecundity or behavior 

found on these mutants. In order to do this we examined behavior and fecimdity of both 

B. brassicae and Myzus persicae on A. thaliana wildtype and four cer mutants. 

Methods 

Plants 

Arabidopsis thaliana plants used in this experiment were of the Wassilewskija 

(Ws-2) genetic background. The eceriferum or cer mutants {cerl, 2, 3, and 4) were 

generated using Agrobacterium tumefaciens T-DNA mutagenesis, and the cer double 

mutant, cer3x4, is homozygous for mutant alleles of both cer3 and cer4 (Feldmann and 

Marks 1987; Rashotte and Feldmann, in preparation). All plants were grown individually 

in 5.7cm pots for experiments conducted in controlled environmental chambers on a 16:8 

hour lightrdark cycle at 22^0 in the light (~240 |xmol m'̂ s'l) and 18®C in the dark (75% 

RH). 
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Brevicoryne brassicae and Myzus persicae used in this study were obtained from 

Yuma and Tucson, Arizona respectively. Aphids were maintained on canola plants under 

the same environmental conditions as described for^. thaliana plants. 

Fecundity Experiments 

Two apterous fifth instar B. brassicae or M persicae were placed on 19 day old Ws, 

cerl, cer2, cer3, or cer4 plants, which had six rosette leaves and a primary inflorescence 

or stem qiproximately 2 to 6 cm high, which will continue to grow to 25 to 30 cm over 

the length the experiment Aphids placed on a plant were restricted from leaving the pot 

containing the plant by double-sided sticky t^e applied to the outer rim of the pot and a 

35 cm high plastic sleeve surrounding the plant inside the pot rim. Aphids were counted 

after 15 days. Ten replicates for each plant in the fecundity experiment were conducted 

and examined statistically by Student's t-test 

Rehavioral Observations 

All behavioral observations were made after female apterous 5th instar adult 

aphids were taken from canola plants and starved by placing them in a humid petri dish 

for two to six hours at room temperature. Starved aphids were placed on the second 

intemode of a 25 to 30 day old A. thaliana stem, at which point the observation began. 

Observations of a single aphid were made continuously for ten minutes with a 3X 

magnifying lens headset, under indirect lighting. At least ten replicate observations were 

conducted for each specific insect-plant interaction using a different aphid and plant in 

each trial. Observations alternated between different plant genotypes, such that there was 

one observation for each genotype before starting the second observation on any 

genotype. The duration of two distinct behaviors, walking and probing, were identified 
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and recorded by stopwatch. Other behavioral measures such as time to first probe and 

number of probes were derived from each observation's data. Walking behavior was 

defined as when an aphid was visibly moving over the plant surface, while probing was 

defined as when an aphid was not moving, both antenna were reflexed back behind its 

head, and its mouthparts were visibly touching the plant surface. Aphid movement on a 

plant was unrestricted during behavioral observations of non-painted plants. Movement 

during EW painting experiments was restricted by two 5 cm filter ps^er disks with a slit 

cut to their centers and fitted around the stem at the top and bottom of the second 

intemode, the area where the EW had been painted on the plant. Any movement of an 

aphid off of the plant stem and onto the filter paper ended an EW painting experiment 

behavioral observation. Observations on EW painted stems were conducted in the same 

manner as on non-painted plants, except that behavior was recorded imtil the aphid left 

the plant stem or for ten minutes. No data was recorded if the aphid left a painted plant 

stem in less than ten minutes without a probing behavior. All observations on EW 

painted stems were made within one to four hours after painting. 

The duration or frequency of the following behaviors were quantified from these 

observations: the total time spent walking, amoimt of time spent on a single walking or 

probing behavior, number of walking and probing behaviors, and time to first probing 

behavior. For all statistical analyses, each set of data was exanuned to determine whether 

it conformed to a Gaussian population. Parametric data sets were compared using 

unpaired t-tests and nonparametric data sets were compared using Mann-Whitney rank 

sum tests. 

Painting of Plant Eoicuticular Wax 

EW used for painting was extracted from the primary inflorescence of plants by a 

hexane immersion for 30 seconds. The EW sample was then dried using nitrogen gas, as 
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was previously done in preparation for chemical analysis (Jenks et al., 1995). Dried EW 

was completely redissoived in a specific volume of hexadecane, such that accurate 

amounts could be painted onto the plant surface. Hexadecane was used for painted 

experiments because it completely redissoived dried EW, quickly ev^orated from the 

plant sur^e, and, unlike hexane, did not cause cellular damage to the plant surface. 

Accurate measurements of the surface area where wax was extracted by hexane and the 

new sample volume of hexadecane were made. These measurements along with previous 

data on the total amount of EW present on stems of Ws and cer3 hexane extracted plants 

allowed for calculations of exact concentrations of EW solutions. These concentrations 

allowed specific amounts of EW identical to those on either Ws or ceri plants to be 

painted onto a stem surface area that was mechanically wiped of visual EW by 

Kimwipes. ceri plants were wiped in the same manner and the same number of times as 

their wildtype counterparts. Triacontanol (TRIA) (Sigma) dissolved in hexadecane and 

painted on mechanically wiped plant surfaces at a ceri level, 170 |ag/dm". 

Results 

The high degree of diversity of chemical composition of cerl, cer2, ceri, cer4, 

and cer3x4 from each other and their wildtype background, Ws (Fig. 1), makes them 

ideal for examinations to determine if specific EW chemicals alter insect-plant 

interactions. Examination of ^hid fecundity differences after 15 days revealed that the 

average number of ^hids per plant for B. brassicae and M. persicae were lower on ceri 

than on all other plant types and 40 and 38 percent lower than for Ws, respectively (Fig. 

2). 

The mean amount of time B. brassicae spent walking as a percentage of the total 

time of the behavioral observation on cerl. 2, i. 4, ix4, and Ws are shown in Figure 3. 

B. brassicae on ceri plants spent more than twice the amount of time walking than they 



139 

did on Ws plants (Fig. 3, Table 1), while there were no differences between the other 

plants. Additional behavioral measurements with B. brassicae were also conducted: 

number of probes, time to first probe, and mean length of a probe (Table 1). The mean 

number of probes on cer2 and cer3 were significantly greater (p<0.05, t-test) than for Ws, 

while the other mutants were not different ftom Ws (Table I). The mean time to first 

probe on cerl was significantly reduced (p<0.05, t-test) compared to Ws, while the other 

mutants were unchanged (Table 1). The mean length of a probe on cer3 was significantly 

less (p<0.05, Mann-Whitney) than on Ws, while the time on the other mutants were 

unchanged (Table I). The total time spent probing was also measured, but as it is the 

inverse of the time spent walking it is not presented. Due to the number of significant 

behavioral differences between B. brassicae and cer3 and previous fecimdity differences 

between both aphids and cer3 we decided to focus on further examination on interactions 

on cer3. 

An examination of M persicae behavior on both Ws and cer3 plants revealed no 

significant differences in mean time spent walking or mean number of probes as was 

found for B. brassicae. However, there was a significant reduction (p<0.05, Marm-

Whitney) in the mean length of a probe for M persicae on cer3 compared to Ws similar 

to that seen for B. brassicae (Table I). Additionally, there was a significant reduction 

(p<0.05, t-test) in the mean time to first probe on cer3 compared to Ws, which was not 

observed for brassicae (Table 1). These results suggested that there was not a similar 

alteration in behavior for B. brassicae and M. persicae on cer3. 

In order to ensure that the behavioral differences observed between Ws and cer3 

plants for B. brassicae were due to the alteration in EW on ceri, EW was extracted from 

Ws and cer3 plants and painted onto the surfk;e of both Ws and cer3 plants. The result 

was four plants type used for fiirther behavioral observations: Ws plants with Ws painted 
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EW (Ws+Ws wax), ceri plants with Ws painted EW (ceri+Ws wax), Ws plants with 

cer3 painted EW (Ws+ceri wax), and cer3 plants with cer3 painted EW (cer3+cer3 

wax). Continuous behavioral examination of B. brassicae on these four types of painted 

plants revealed that cer3 wax painted on the surface of either Ws or cer3 plants resulted 

in significant increases (p<0.001, p<0.01 respectively, t-test) in the percent of time spent 

walking in comparison to Ws wax on the surface of either Ws or cer3 plants (Fig. 4, 

Table 2). Although the percent of time spent walking on plants with EW painted on them 

was significantly greater than without painting, the significant increase in percent of time 

spent walking on cer3 wax painted plants compared to Ws wax painted plants was similar 

to the increase in percent of time spent walking on cer3 compared to Ws plants (Fig. 3, 

4). Ehje to the significant variation in the total observation time between the different 

painted plants, we focused on mean percent of total time spent walking, which could be 

directly compared to non-painted plants (Fig. 3,4, Table 2). The mean number of probes 

and the mean time to first probe in these observations were not significantly different 

between these four painted plant types (Table 2). However, the mean length of a probe 

was significantly less (p<0.05, Mann-Whitney) on plants with cer3 wax painted on them 

in comparison to plants with Ws painted wax. 

The very similar EW chemical profile of cer3 and cer3x4, except for the primary 

alcohols, and behavioral observations showing the same significant differences in 

behavior between B. brassicae on cer3 compared to cer3x4 as with Ws lead us to 

examine cer3 EW primary alcohols for differences that might be altering behavior (Fig. 

1,3, Table 1). Only the triacontanol (TRIA) level in the cer3 EW, five fold higher than 

the Ws level, was significantly different (Fig. 1). This lead us to specifically examine 

TRIA at cer3 levels (Ws+TRIA) along with the cer3 and Ws wax in painting trials (Fig. 

4, Table 2). 
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An increased amount of time spent walking by B. brassicae on Ws+TRIA plants 

was similar to both Ws+ceri wax and cer3+cer3 wax plants and significantly greater 

(p<0.001, t-test) than either plant painted with Ws wax (Fig. 4, Table 2). The mean 

length of a probe on Ws+TRIA was significantly less (p<0.05, Mann-Whitney) than for 

plants painted with Ws wax, similar to plants painted with cerS wax (Table 2). The mean 

number of probes for B. brevicoryne on Ws+TRIA was significantly lower (p<0.05, t-

test) than for Ws+Ws wax and Ws+ceri wax plants, but not different for ceri+Ws wax 

or cer3+cer3 wax plants (Table 2). Additionally, the mean time to first probe on 

Ws+TRIA plants was significantly longer (p<0.05, t-test) than on ceri+ws wax plants, 

but not on the other painted plants (Table 2). These results suggest that an increased 

level of TRIA in cer3 EW is responsible for altering the behavior of B. brassicae. 

Discussion 

Using the four cer mutants, cerl, cer2, cer3, cer4 and the cer3x4 double mutant 

we were able to test how multiple combinations of EW chemical and structural changes 

would affect aphid fecundity and behavior in a more simple manner than testing different 

EW combinations in an artificial setting. Our fecundity experiments revealed that aphids 

on cer3 plants showed significantiy reduced fecundity compared to those on Ws plants 

for both B. brassicae and M. persicae (Fig. 2). The additional result from the fecundity 

experiment that cerl, cer2, and cer4 plants had no differences in aphid fecundity for 

either aphid is the first report to our knowledge of £q)hid fecimdity not being reduced for 

EW altered plants. These experiments show that some characteristic specific to the cer3 

plant results in reduced fecundity for both a specialist and a generalist aphid. Since the 

cer3 mutation is believed to primarily affect the EW (Hannoufa et al., 1996), differences 

in the cer3 EW chemical or structural composition fix)m the wildtype are most likely to 

have caused this effect 



142 

From behavioral observations only one EW mutant, cer3 was found to have a 

significant increase, double the wildtype level of mean amount of time B. brassicae spent 

walking on its surface within the first ten minutes of contact (Fig. 3, Table 1). B. 

brassicae also showed a significant reduction in mean length of a probe on cer3 

compared to Ws plants, while there was no difference in mean time to first probe or mean 

number of probes between cer3 and Ws (Table 1). Together these results suggest an 

antixenotic effect from ceri, probably due to a chemical or structural alteration different 

fix>m the other EW mutants or wildtype. 

In M. persicae, mean time spent walking and mean number of probes were not 

altered on cer3 compared to Ws, but the mean length of a probe was significantly reduced 

as was observed for brassicae (Table 1). Additionally, the mean time to first probe 

was also significantly reduced for M persicae on cer3 plants compared to Ws, which was 

not observed for B. brassicae (Table 1). These data suggest that there are surface factors 

that influence both species, with M persicae being affected less. The results do not 

demonstrate that additional factors in cer3 are not responsible for the reduced 

reproductive output of both ^hids on cer3. 

In order to specifically determine that the alteration in B. brassicae behavior was 

due to the E W of cer3 and not due to some other surface factor or internal factor of cer3, 

reciprocal wax painting experiments were performed. EW was extracted firom the stems 

of Ws and cer3 and then painted onto the mechanically wiped surfaces of Ws and cer3. 

Both lines painted with cer3 EW had significant changes in average percent of time spent 

walking and mean length of a probe in comparison to the lines with Ws EW painted on 

them. Additionally, there was no difference between lines with similar EW painted on 

them for percent time spent walking or probe length (Fig. 4, Table 2). Together the 
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similarity of these results to the previous behavioral observations show that the alteration 

in B. brassicae behavior was specifically due to a difference in cer3 EW from Ws EW. 

All EW painted in hexadecane solvent formed an amorphous EW layer on the 

sur&ce as observed by scanning electron microscopy (Rashotte and Feldmaim, 

unpublished result), such that differences in EW structures could not have affected the 

alteration of behavior. Thus behavior alterations from the cer3 EW compared to Ws EW 

must be chemical. 

Detailed comparison of the EW chemistry and behavioral results of cer3, cer3x4, 

and Ws lead us to examine the primary alcohols of cer3, specifically the 30 carbon length 

primary alcohol, triacontanol or TRIA found at 5 fold higher levels in cer3 compared to 

Ws or any other genotype examined in this study (Fig. 1). Painting of TRIA alone, at 

levels similar to that found in cer3 EW onto the mechanically wiped surface of Ws 

(Ws+TRIA) resulted in significant differences for brassicae behavior similar to cer3 

EW painted lines compared to Ws EW painted plants (Fig. 4, Table 2). The cer3 TRIA 

level phenocopies the B. brassicae antixenosis observed for the cer3 EW, strongly 

suggesting that the dramatic increase of TRIA in the cer3 EW causes the alterations in B. 

brassicae behavior. 

In previous plant-insect studies, TRIA was found to reduce feeding activity in the 

boll weevil (Bergman et al., 1991a,b), and in the spotted alfalfa aphid, Therioaphis 

maculata TRIA levels were negatively correlated with ^hid positional feeding 

preferences (Dillwith et al., 1991), while the esters of this alcohol were implicated in T. 

maculata resistance (Miles et al., 1993). 

Previous studies of homopteran behavior on altered plant siufaces found that 

within the first few minutes of plant contact antixenotic effects could be detected by an 

increase in amount of time spent walking and a decrease in the amount of time spent 
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probing (Woodhead and Padgam, 1988; Powell et al., 1995a,b; Mnsetti and Neal, 1997). 

We have chosen to focus on the amount of time an ^hid spends walking rather than 

probing on the plant, because we believe it reflects a closer link to the detection of cues 

on the siirface of the plant, such as EW rather than other inter or intracellular plant cues. 

More to this end, increased amoimts of time spent walking by a herbivore on plant 

sur&ces can result in increased herbivore visibility and thus increased predation 

(Eigenbrode, 1996). 

While the results from this study show that cer3 EW, specifically an increased 

TRIA level, confers an antixenotic effect to B. brassicae, they only suggest a link 

between the antixenotic effect and the reduced fecundity, antibiotic effect observed for B. 

brassicae (Fig. 2,3,4). 

In this study we found A. thaliana EW mutants can be used to determine 

differences in ^hid fecundity and behaviors and that the diversity of EW chemical 

composition of these plants can provide insight as to specific chemical components of the 

EW that affect plant-aphid interactions. Fecundity of both B. brassicae and M persicae 

were significantly reduced on the cer3 EW mutant, yet not on three other EW mutants 

compared to their wildtype background. A major indicator of an antixenosis effect, an 

increase in amount of time spent walking on a plant surface was found only on the cer3 

plant and not for other EW mutants for B. brassicae, and not for M persicae on cer3. 

More specifically, we showed that it is only the EW of cer3 involved in altering aphid 

behavior through EW painting experiments, and furthermore that increased TRIA levels 

in the cer3 wax ^pear to be responsible for B. brassicae altered behavior. 
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Figure Legends 

Fig. 1 Epicuticiilar Wax on the Stems of cerl, 2, 3. 4, 3x4, and Ws. The amounts of all 

chemical constituents for each plant are presented in ^g/dm^ as an average of at least 

three replicates with standard error. Chemicals are identified by chemical class and also 

carbon chain length on the x-axis. Amounts greater than 100 ^g/dm^ are shown to the 

left of columns reaching the top of the figure. 

Fig. 2 Aphid Fecimdity on A. thaliana Wax Mutants and the Wildtype. The average 

number of ten replicates with standard error of M. persicae or B. brassicae ^hids found 

on the wax mutants cerl, 2, 3, 4, 3x4, and the wildtype Ws, 15 days after two fifth instar 

^hids were placed on the plants is presented. Significant differences from the Ws 

genotype are presented as *p<0.05, ••p<0.01, •**p<0.001. 

Fig. 3 B. brassicae Behavior on A. thaliana Wax Mutants and the Wildtype. The average 

percent of time spent walking of ten replicates with standard error for B. brassicae during 

ten minute observations on the wax mutants cerl, 2, 3, 4, 3x4, and the wildtype WS is 

presented. Significant differences from the Ws genotype are presented as •p<0.05, 

••p<0.01, •••p<0.001. 

Fig. 4 B. brassicae Behavior on Wax Painted on the Stems of Ws and cer3. The average 

percent of time spent walking of at least ten replicates with standard error for B. 

brassicae during behavioral observations on the second intemode of either Ws or cer3 

plant stems is presented. The EW on this intemode was mechanically wiped off and 

either Ws EW, cer3 EW or triacontanol (TRIA), at a cer3 EW level, was painted onto the 

sur&ce. The plant and EW painted onto the plant surface are indicated in the x-axis. 
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Significant differences from the Ws+Ws wax plants are presented as •p<0.05, ••p<0.01, 

••»p<0.001. 
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Tablel Aphid Behavior on A. thaliana Wildtype (Ws-2) and cer Altered EW Mutants 

Mean time spent Mean number Mean length of Mean time to 

B. brassicae 
walkine fs) oforobes a orobe (s) first orobe (s) 

Ws-2 I46±33a 2.6±0.4a I74±36a 41±l5a 

cerl 114±31a 3.6±0.9a 135±29a 9±3a 

cer2 147±40a 3.8±0.5a 119±24a 24±13a 

cer3 317±49b 3.9±0.4a 73±17b 50±24a 

cer4 206±59a 3.8±1.0a 104±29b 17±4a 

cer3x4 13I±22a 2.0±0Ja 234±48a 39±13a 

M. versicae 
Ws-2 188±36a 3.1±0.8a 133±31b 72±22b 

cerS 208±49a 4.3±0.6a 9I±22a 22±8a 

Note: all values are given as a mean±standard error 

ab. Values followed by the same letter within a column do not differ significandy (p > 

0.05, ANOVA with Dunnett's Post Hoc test using Ws-2 as control or Kniskal-Wallis 

with Dunn's Post Hoc test between B. brassicae values and t-test or Mann-Whitney 

between M. persicae values. 
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Table 2 B. brassicae Behavior on EW Painted Plants 

Plant EW 
Ws Ws 

cer3 Ws 

cer3 cer3 

Ws 

Ws 

cer3 

TRIA 

Mean 
time spent 
walking (s) 

112±28ab 

97±39a 

127±30ab 

I66±49b 

279±58b 

Mean 
time spent 
probing Ts) 

I09±37a 

379±82b 

32±lla 

44±9a 

41±l2a 

Mean time 
of total 
observation fs) 

221±60ab 

475±65b 

158±33a 

203±54a 

320±6lab 

Mean 
number 
of probes 

1.7±0.2a 

I.5±0Ja 

I3±0.2a 

1.9±0.5a 

l.l±0.2a 

Mean 
length of 
a probe (s> 

65±20ab 

252±67b 

24±9a 

23±5a 

37±10ab 

Mean time 
to first 
p r o b e  ( s )  

58±16a 

22±6a 

42±23a 

6i±27a 

I03±32a 

Note: all values are given as a mean±standard error 

ab. Values followed by the same letter within a column do not differ significantly 

(p > 0.05, ANOVA with Dunnett's Post Hoc test using Ws Plant Ws EW as control 

or Kruskal-Wallis with Dunn's Post Hoc test between values 
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