
 

 

ABSTRACT 

WARD, MICHAEL DUANE. Genetics of Sex Pheromones: Mapping Desaturase Genes in 
Heliothis Species. (Under the direction of Fred Gould). 
 
 
 Many moths use a pheromone based sexual communication system where the female 

emits a precise mixture of volatile chemicals and only males who are physiologically tuned 

to that specific blend, respond. In order for the female to maintain her fitness, she must only 

attract conspecific males. If there were a mutation that caused a change in her pheromone 

blend it might be costly to the female’s fitness. In the species Trichoplusia ni. and Ostrinia 

nubilalis, normal males have been shown to discriminate between normal and mutant 

pheromone blends. Therefore a species pheromone blend is likely maintained by strong 

stabilizing selection. However, it seems contradictory given the action of stabilizing selection 

that thousands of unique pheromone blends have evolved in Lepidoptera. One useful 

approach to understanding how this diversity may have arisen is to examine the steps in the 

biosynthetic pathways of pheromone production and to look for ways that changes in the 

pheromone blend may have had limited fitness cost. 

 Two closely related species of moth in the Noctuidae family, Heliothis virescens (Hv) 

and Heliothis subflexa (Hs), have been used for studying the genetics of pheromone blend 

because, while they remain reproductively isolated in the wild, they can be crossed to 

produce hybrids with altered pheromone blends. Both species produce a multicomponent 

pheromone blend that is comprised of a precise ratio of 7 compounds including: tetradecanal 

(14:Ald), (Z)-9-tetradecenal (Z9-14:Ald), hexadecanal (16:Ald), (Z)-  

11-hexadecenal (Z11-16:Ald), (Z)-11-hexadecen-1-ol (Z11–16:OH), (Z)-9-hexadecenal (Z9-

16:Ald), and  (Z)-7-hexadecenal (Z7-16:Ald). With Hs and Hv producing different amounts 



 

 

of the individual components. Additionally, Hs produces 3 acetates that are not produced by 

Hv; (Z)-11, (Z)-9 and (Z)-7-hexadecanyl acetate. Our specific interest has been in the genes 

and enzymes that cause differences between the pheromone blends of these two species and 

the fact that the ratio of 16:Ald to Z9-16:Ald in Hv is greater than it is in Hs. Two pathways 

have been suggested that could produce this result, one where a Δ9 desaturase converts 

16:CoA to Z9-16:Ald and another where a Δ11 desaturase produces Z11-18:Ald by 

desaturation of 18:CoA, which is then chain shortened to Z9-16:Ald. Previous experiments, 

using stable isotope labeled precursors, have shown no incorporation of 16:CoA into Z9-

16:Ald in Hv suggesting that it is instead produced from 18:CoA. 

 Here we take a slightly different approach where we look specifically for enzymes 

related to changes in pheromone components. Previous experiments in our lab have revealed 

11 quantitative trait loci (QTL) that coded for differences between Hs and Hv in the 

proportions of 10 pheromone components. In this experiment, we combined previously 

obtained QTL information with heterologous probes designed using Helicoverpa zea and 

Helicoverpa assulta Δ9 and Δ11 desaturase genes respectively. We first probe for the 

desaturase genes in each species and then determine if these genes are found on any of the 

chromosomes that contain QTLs for changes in the ratio of 16:Ald to Z9-16:Ald. Based on 

our results, we conclude that the Δ11 desaturase appears to be the only desaturase involved in 

the difference in the level of Z9-16:Ald between H. virescens and H. subflexa. 
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Introduction to Pheromone Studies in Lepidoptera 
 

 The biology of pheromones has been studied since the nineteenth century (Fabre 1879). 

The earliest experiments with pheromones described only the long-range attraction of male 

moths to female moths (Wyatt 2003). In 1959, Karlson and Lüscher (1959) observed that 

communication among moths was accomplished using substances similar to hormones. 

Hormones are chemicals released by cells that have specific effect on other cells in another 

part of the organism. Pheromones are like hormones in that they carry a signal a signal 

between cells but pheromones are transported out of the body to communicate with cells in 

the receptor organ of a conspecific male. In moths it has been determined that females 

produce a specific blend of volatile chemicals, which are detected by the male antenna, that 

contains a series of specific receptors for different components of the pheromone blend, 

leading to signal transduction (Jacobson 1972, Wyatt 2003). In 1959 the first sex pheromone, 

(E, Z)-10,12-hexadecadien-1-ol, was identified from the Lepidoptera species Bombyx mori 

and named bombykol (Karlson and Lüscher 1959). Since the identification of bombykol, in 

the female silkworm, attention has been focused on identification of other pheromones of 

diverse moth species (El-Sayed 2008). Research in this area has progressed especially with 

the development of advanced instrumentation (Greenfield 2002) like capillary gas 

chromatography, that has given us the ability to resolve minor pheromone components given 

nanograms of starting material from a single female (Baker et al. 1981, Löfstedt et al. 1982). 

The moth sex pheromone components have been found to consist of hydrocarbon chains, 

between 10-24 carbons in length, with or without double bonds in the chain. These 
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hydrocarbon chains have either an aldehyde, alcohol or acetate functional group that varies in 

location, and cis/trans orientation (Carde and Baker 1984, Baker 1989, Jurenka 2004). In 

some cases moth pheromones have also been found to contain epoxides. 

 Technical advances have made it easier to identify all the individual pheromone 

components improving our understanding of the signal being transmitted. Knowing the 

composition of the pheromone tells us nothing, about how individual pheromone components 

are produced or how the signal is received. It does give us important information we need 

when we are looking for the biosynthetic pathways and for receptors for these components. 

However, there is still much information needed before we can fully understand how such a 

complex interspecific communication system could have evolved. More recent research has 

been directed towards describing the biosynthetic pathway through which the pheromones 

are produced so that we can understand what processes are changing during evolutionary 

diversification of the blends (Roelofs and Rooney 2003). 

The Pheromone Biosynthetic Pathway 

 One basic question regarding biosynthesis of pheromone components is whether they 

are derived from the insect’s diet or are synthesized de novo. Evidence from isotope studies 

demonstrated that for most Lepidoptera the components were synthesized de novo (Bjostad 

et al. 1987) and the precursors were products of normal metabolism that were modified to 

create straight chain unsaturated alcohols, aldehydes, or acetate esters (Witzgall et al. 2004). 

Since the differences that we observe in the pheromone components can be attributed to 

specific kinds of changes to metabolic fatty acid precursors, the evolutionary diversification 
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of moth sex pheromones might have involved changes in substrate specificities of 

biosynthetic enzymes and the order in which they act. Indeed, studies of Lepidoptera 

pheromone biosynthesis have shown that the combination of different desaturases (Bjostad 

and Roelofs 1983, Löfstedt and Bengtsson 1988, Foster and Roelofs 1996) with chain 

shortening enzymes and the reductases, oxidases, and acetyl-transferases that are responsible 

for modification of the carbonyl carbon, can explain much of the diversity observed in moth 

pheromone components (Bjostad and Roelofs 1983). 

Chain shortening enzymes 

 Peroxisomes are organelles that contain several enzymes that use molecular oxygen to 

oxidize organic substances forming hydrogen peroxide. Long chain fatty acids, like those 

used in pheromone production, are oxidized exclusively in the peroxisosmes by reactions that 

are similar to mitochondrial β-oxidation (Hashimoto 1996). This pathway involves two 

enzymes, an acyl-CoA oxidase and a 3-oxoacyl-CoA thiolase, (Bosch et al. 1992) and it 

results in the oxidation of a fatty acid, in the form of an acyl-CoA to a set of two carbon 

fragments with thioester linkages to CoA (Figure 1). One of these molecules is the remaining 

carbon chain (Acyl-CoA) and the other is the two-carbon fragment that was removed in the 

form of an Acetyl-CoA (Ramakrishnan et al. 2004). When examining the possible order of 

reactions that could take place to produce a specific molecule it is important to note that this 

process removes the alpha and beta carbons from the chain. Since it removes the first and 

second carbons that are attached to the functional group, the location of any desaturation in 

the carbon chain will be moved closer to the functional group moiety. Chain shortening 
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enzymes in pheromone production may be used to produce a number of components that 

require a shorter carbon chain than is produced by normal metabolism in the insect. 

Sometimes, it is also possible that more than one round of chain shortening can occur 

increasing the number of hydrocarbon chains that a pathway may produce. 

Desaturases 

 A desaturase is an enzyme that removes two hydrogen atoms from a saturated or 

unsaturated hydrocarbon chain causing a double bond to form between two of the carbons 

(Bjostad et al. 1987, Knipple and Roelofs 2003) (Figure 2). Desaturases are classified as 

either delta (Δ) meaning the double bond is placed at a fixed position from the carboxyl 

group of a fatty acid or omega (ω) meaning that the double bond is at a fixed position from 

the methyl end. Desaturases show specificity for certain substrates based on factors such as 

chain length. For example, the Δ11 desaturase of Helicoverpa zea prefers a 16-carbon 

substrate to an 18-carbon substrate (Klun et al. 1980, Pope et al. 1984, Teal and Tumlinson 

1986, Jurenka et al. 1991). Another form of specificity is for fatty acids that are saturated or 

unsaturated to a certain degree. Desaturases that have been identified in moth sex pheromone 

production and that prefer saturated substrates include Δ5 (Foster and Roelofs 1996), Δ9 

(Morse and Meighen 1987), Δ10 (Foster and Roelofs 1996), and Δ11 (Bjostad and Roelofs 

1983). 

 Phylogenic research of the different desaturase families suggests that all the desaturases 

known today might have originated from a single ancestral form found in cyanobacteria 

(Sperling et al. 2003). The original function of desaturases has not been fully determined, but 
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it is thought to have been involved in cold adaptation by increasing fluidity of the cell 

membranes. Genes for fatty acid desaturases have been identified in other eukaryotic 

organisms including plants, fungi, and fish, as well as in prokaryotes (Uemura et al. 1995, 

Browse and Xin 2001, Laoteng et al. 1999, Tiku et al. 1996, Sakamoto and Bryant 1997, 

Aguilar et al.1999), suggesting that this adaptation is an early evolved and ubiquitous trait. If 

desaturases evolved early then the diversity that we now see in substrate specificity is not 

surprising. 

Functional Group 

 The functional group is the part of the molecule that determines the family of 

compounds that it belongs to and that is responsible for certain chemical properties of the 

molecule. There are several functional families of organic compounds that can be classified 

by their functional moiety. However, it is not how these molecules react chemically that is 

important for detection but the specificity of the molecule to the male’s sensory receptors. It 

is the specific shape of the pheromone molecule that determines its binding to the male’s 

receptor molecules (Chapman 1998).  

 Although, the enzymes that are involved in the biosynthesis of many moth pheromones 

may span only three families, there are a number of differences in the substrate specificity 

that any specific enzymes may have.  Furthermore, the fact that a large number of different 

combinations of those enzymatic reactions could lead to the pheromone blends that we 

observe makes the elucidation of a particular pathway a daunting task. In the next section I 

will discuss in more detail some of the tools used to confront this challenge. 

5 



 

 

Methods for Studying Pheromone Biosynthesis 

 The methods used to study fatty acid biosynthesis in moth pheromone glands can be 

divided into three categories. The first category covers methods that allow us to identify and 

quantify pheromone components. Mass spectrometry (MS) and gas chromatography (GC) are 

two techniques that are useful for the separation and measurement of complex mixtures. 

Either of these alone can separate the components of complex mixtures for analysis, or they 

can be coupled (GC/MS) to utilize the advantages of both techniques. A second category of 

techniques allows us to study biosynthetic enzymes in vivo by following changes in 

biosynthetically labeled precursors. Again GC and MS are useful for separation of the gland 

products so that the components containing the labeled molecules can be detected and MS 

can be used to detect the labeled molecules. The third category covers methods that elucidate 

the function of the biosynthetic enzymes in vitro and includes cloning and heterologous 

expression of the DNA sequence for the enzyme. Of course, many experiments involve 

combining these techniques in different ways, for example, cloning involves first obtaining 

the full sequence for the protein that you wish to express. Because sequence information is 

often needed to identify genes polymerase chain reaction (PCR) is an important technique 

used in tandem with many of these others. Although each is useful for illuminating a 

particular aspect of the pathway none of them is comprehensive enough to clarify the entire 

process by itself. 
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Techniques for Quantifying and Identifying Pheromone Compounds 

Gas Chromatography 

 Gas chromatography (GC) is a useful technique for separating and identifying the 

components of mixtures containing multiple compounds. It begins with the liquid or gaseous 

compound being injected into a long and narrow tube called the column, that contains a 

microscopic layer of a liquid or polymer called the stationary phase. The injected compound 

is carried through the column by a carrier gas until it reaches the detector. As the analyte is 

carried through the column, the adsorption of the analyte molecules by the stationary phase 

acts to slow its progression depending on its different chemical and physical properties. This 

process divides the different compounds in the sample. Since the different components of the 

original pheromone blend travel through the column at different rates, they emerge from the 

column at different time points. As they emerge, a detector records the amount of compound 

that is emerging and the time it emerges. To use GC successfully, experimenters need to 

know something about the sample being tested so that they can determine what conditions 

will be best for separating the sample. The graph produced by the GC has roughly bell 

shaped peaks with internal areas related to the amount of the specific compound that emerged 

from the column. The information obtained from the GC is especially useful for analyzing 

the ratios of different pheromone components in a series of samples. Once a particular 

component is identified, its retention time should remain the same if different samples are 

processed under the same conditions using the same internal standard for comparison. The 

data from the GC do not enable us to identify the compounds, but once they have been 
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identified it allows us to measure the amount of the individual components in the pheromone 

blend. 

Mass Spectrometry 

 Mass spectrometry (MS) is used to determine the identity of the chemicals in the 

sample by ionizing the chemical compounds and measuring the mass to charge ratio of the 

charged molecules. The mass spectrometer consists of three parts; the ion source that ionizes 

the sample and produces the charged particles, the mass analyzer that sorts the ions according 

to mass and the detector that records the mass values. The ions are exposed to an 

electromagnetic field, which depending on the specific charged particle, will increase or 

decrease its speed, separating the different molecules so that each can be detected 

individually. The identification of the different molecules is done by comparing the resulting 

mass spectrum to known substances or to previously obtained mass spectra in a database. 

The amounts can be quantified by comparing the amount of one component to the others for 

a relative result, or to an internal standard to obtain a quantitative result.  

Isotopic Labeling 

 In this technique, a compound of interest is labeled by the incorporation of a stable 

isotope like carbon-13 (13C). The normal molecule will produce a predictable pattern when 

analyzed by MS and the labeled molecule will produce a similar pattern to the normal one 

but with a detectable mass shift of one Dalton for every stable isotope incorporated into the 

molecule. A labeled, saturated hydrocarbon processed by a desaturase and an oxidase will 

now have a new functional group and be unsaturated but the carbons will still be 13C making 
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it detectable after processing. A similar approach is radiolabeling where a radioactive 

element is incorporated into a compound to study how it is utilized. Again a labeled molecule 

that has been changed by enzymes can be detected afterward by the label. Both techniques 

produce a similar result in that they make it possible to relate the resulting labeled molecule 

to the labeled precursor that was introduced. Fortunately, both are also sensitive enough to 

detect very small amounts of labeled molecules and these have been successfully used in 

both in vivo and in vitro experiments.  

 As an example, incorporation of labeled fatty acids of differing chain lengths was used 

to show how two different pathways could produce the same pheromone component. Two 

closely related species, Helicoverpa assulta and Helicoverpa zea, both use aldeheydes as 

their major pheromone components. H. assulta uses Z9-16:Ald as its major component and 

Z11-16:Ald as a minor one (Cork et al. 1992, Sugie et al. 1991). H. zea uses Z11-16:Ald as 

its major component and Z9-16:Ald as one of its minor components (Klun et al. 1980). The 

Z9-16:Ald can actually be produced by either of two pathways. It could be produced by Δ9 

desaturase using 16:CoA as a substrate before reduction and oxidation (Figure 3) or by Δ11 

desaturase using 18:CoA as a substrate which is then chain shortened to Z9-16:CoA before 

reduction and oxidation (Figure 4). To determine which was the pathway being used, an 

experiment was performed where labeled hexadecanoic acid (16 carbon) and octodecanoic 

acid (18 carbon) were applied externally to the pheromone gland of each species. Previous 

studies have shown that fatty acids applied externally to the pheromone glands in dimethyl 

sulfoxide will be incorporated into the gland and used to produce pheromone components 

9 



 

 

(Zhu et al. 1995). The aldehyde pheromone components were monitored for incorporation of 

the label. In both species, the labeled 16:CoA that was incorporated into the Z11-16:Ald 

suggests the existence of a Δ11 desaturase in both (Choi et al. 2002). In H. assulta there was 

no incorporation of labeled 18:CoA into the Z9-16:Ald (Choi et al. 2002). This suggests the 

involvement of a Δ9 desaturase in transformation of the 16:CoA into Z9-16:Ald. In H. zea, 

labeled 18:acid was incorporated into Z9-16:Ald which suggests that Δ11 desaturation is 

used to produce Z11-18:CoA which is chain shortened to produce Z9-16:CoA and reduced 

then oxidized. Further, evidence of the incorporation of specific chain length fatty acids into 

pheromone components has been obtained using labeled fatty acids in other species including 

Argyrotaenia velutinana (Bjostad and Roelofs 1981), Ostrinia furnacafis (Zhao et al. 2005), 

Spodoptera littoralis (Martinez et al. 1990), Ctenopseustis herana (Foster and Roelofs 1996), 

Heliothis subflexa and Heliothis virescens (Choi et al. 2005). This method only allows us to 

identify the final product, the general biosynthetic pathway, and the labeled precursors. We 

still need to identify the enzymes themselves and determine their function and substrate 

specificity, to identify the pathway that the labeled precursors were processed through. 

Information about the enzymes can be obtained by direct isolation of the enzyme from the 

pheromone gland, followed by biochemical characterization. A second and now commonly 

used approach is to isolate mRNA from the gland, convert it to cDNA, amplify it using PCR, 

and then sequence the PCR product. The sequence that we obtain can then be used to 

produce more of the protein through cloning, or we can use it to determine the amino acid 

sequence. The sequence can be compared with other proteins in databases or the sequence of 
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amino acids can be used to determine some of the chemical properties of the protein.  

Polymerase Chain Reaction 

 Each gene is only a fraction of the total DNA in the cell. Because each gene is rare it 

must be isolated and amplified before it can be analyzed. Polymerase chain reaction (PCR) 

gives us a way to amplify the amount of a specific piece of DNA so that it is easier to obtain 

sequence information about a gene. In PCR, DNA is used as a template for polymerase to 

assemble new DNA. This requires that the DNA of interest be isolated and mixed with DNA 

oligonucleotides (primers) and nucleotides out of which the new strand will be constructed. 

The mixture is exposed to a series of different temperatures that are optimal for the different 

parts of the reaction that needs to take place. First, a high temperature is used to denature the 

double stranded DNA into single stranded DNA. Second the annealing phase where the 

primers attach to complementary portions of the single stranded DNA producing a site for 

DNA polymerase to bind and initiate copying, requires a temperature between 30° C and 65° 

C. Finally, in the elongation step, at a temperature around 70° C the polymerase produces the 

new DNA.  

  Sometimes if we don’t have much information about the gene coding for an enzyme 

but can isolate the enzyme itself and obtain its amino acid sequence, we can use this 

information to isolate the gene. In fact, even if the protein sequence is unavailable but you 

have the amino acid sequence for another protein that you suspect has a very similar 

sequence, like one found in a closely related species, you can still design a set of primers 

based on that amino acid sequence. The genetic code is the series of codons that determine 
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how information from genes is encoded into protein, and each codon is a set of three bases 

that code for a specific amino acid. However, there is more than one codon for each amino 

acid making it impossible to determine the exact gene sequence given only the amino acid 

sequence. Instead it is necessary to produce a series of primers each of which is one of the 

possible gene sequences that could lead to the amino acid sequence for your protein. This so 

called degenerate primer development results in a PCR reaction performed with a number of 

different degenerate primers, and the experimenter hopes one of them will be the correct one. 

Because you use multiple primers, often the correct one is in a lower concentration than in a 

standard PCR reaction, this decreases the likelihood that the primers will find their 

complement when mixed with the DNA, and results in lower levels of amplification. Despite 

the complications with this technique, it has been used successfully to obtain sequences for a 

number of genes where no other sequence information was available.  

 There are also variations of polymerase chain reaction that allow us to quantify the 

amount of a specific mRNA and get an idea of the extent that a given RNA transcript is being 

expressed at a certain time in a specific tissue. The technique used to identify genes that are 

actively expressed in cells involves isolation of poly-A mRNA from the rest of the RNA in 

the cells. Once this is done, we employ reverse transcription polymerase chain reaction (RT-

PCR) to produce complementary DNA (cDNA) from the mRNA that can be amplified by 

PCR. 

 While RT-PCR is useful for determining what gene may be expressed in the 

pheromone gland during pheromone production it does not give us any information about the 
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amount of the particular enzyme that is being produced. One technique that has been used is 

to determine the amount produced is quantitative real time polymerase chain reaction  (qRT-

PCR). This follows the same technique as a standard PCR experiment except after each 

round of amplification the amount of DNA in the reaction is quantified. The quantification is 

possible because either fluorescent DNA binding dyes or fluorescent reporter probes are 

added to the reaction. As the amount of DNA increases so does the amount of fluorescence 

allowing the DNA to be quantified. This technique is most commonly used to determine the 

amount of mRNA that was present in a cell at a specific time. With each round of 

amplification the amount of cDNA doubles and the original amount of cDNA in the reaction 

can be determined based on the number of amplification rounds needed to detect it. 

 Another use of reverse transcription is in creating cDNA libraries. A cDNA library 

consists of only those sequences that are transcribed into mRNA, also known as the 

transcriptome. Most cDNA libraries only consist of part of the organism’s transcriptome, and 

in some cases can even be tissue specific. Since, cDNA libraries are created from the isolated 

mature mRNA of cells a short sequence of deoxy-thymine nucleotides can be used as a 

primer for creating the cDNA, starting from the poly-A tail. The DNA-RNA hybrid is then 

converted into double stranded cDNA. RNase is added to digest the RNA portion of the 

hybrid. A second oligonucleotide primer is then added that anneals to the DNA strand and 

provides a site for synthesis of the second strand of DNA. The fragments are then joined to 

cloning vectors and transferred into bacterial cells providing a set of clone where some are 

capable of expressing the gene of interest. The library is then screened for the gene of interest 

13 



 

 

by using a heterologous probe designed from another species or from highly conserved 

regions determined by alignment of similar genes from several different species. 

Cloning and functional expression 

 I have discussed how DNA and RNA can be amplified by polymerase chain reaction to 

give us the needed quantities for analysis. Sometimes for an experiment we also need to 

create a large amount of protein to assess the function of a specific enzyme. There are 

techniques that allow us to isolate proteins from cells and even to isolate specific proteins but 

this may still not provide the protein in the quantities that we need. A method that allows us 

to amplify proteins involves cloning the gene that codes for the specific protein into a 

plasmid that can then function in the cells of simple organisms, like bacteria or yeast. This 

technique exploits the function of restriction enzymes that recognize a particular base 

sequence in DNA and make double stranded cuts in the DNA at or near those sequences. The 

plasmids and the foreign DNA are first cut with the same restriction enzymes and when 

mixed the ends anneal joining the foreign DNA to the plasmid; finally, ligase is used to seal 

the sugar-phosphate bonds once again making the plasmid whole. Usually the foreign DNA 

is inserted next to a promoter that the experimenter can use to control the expression of the 

new DNA. The plasmids are mixed with bacteria or yeast cells where some of the cells are 

able to absorb the plasmid.  The plasmid is replicated in the transformed cell that with 

division produces entire colonies that are now able to express the foreign DNA and make the 

protein.  

 The advantage of gene cloning is that it can be used to produce large amounts of 
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protein so that it can be characterized. It also makes it possible to isolate a single protein in a 

sample with absolute confidence that it is not contaminated with other proteins that may 

confuse experimental results. However, the drawback, as with amplifying RNA, is that it is 

not useful in determining the amount of protein found in vivo. Instead this has to be done 

using other techniques such as Western blot or ELISA that measure the amount of protein or 

qRT-PCR to determine the amount of the mRNA transcript that is in the cell at a given time. 

Either of these techniques can be used to obtain information about the amount of protein 

found in vivo. 

Determining the function of enzymes 

 When there is little knowledge of the DNA sequence that codes for an enzyme of 

interest a cDNA library is useful. One of the first experiments to isolate cDNA that encoded 

pheromone gland desaturases in Lepidoptera was performed using the cabbage looper moth, 

Trichoplusia ni. Previous research had suggested that the acyl-CoA Δ9 desaturases showed 

several chemical properties that were similar to the ones involved in insect pheromone 

production (Knipple et al. 1998). Other research on the pheromone biosynthetic pathway had 

also suggested that all of the T. ni pheromone components were produced by Δ11 

desaturation (Bjostad and Roelofs 1983, Bjostad and Roelofs 1984, Jurenka et al. 1994). To 

determine if a similar gene was functioning in the T. ni pheromone gland, Knipple and his 

associates constructed a cDNA library of the pheromone gland mature mRNA of T. ni 

females. They used the sequence from rat and yeast DNA to find a highly conserved 

sequence that could be used for the design of degenerate primers. Using the histidine box 
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sequence from both rat and yeast DNA they created a set of degenerate primers and used 

them to amplify a 560 bp sequence that showed 72 percent similarity to the rat stearoyl-CoA 

Δ9 desaturase (Knipple et al. 1998). The amplified fragment was labeled with digoxigenin 

and used to probe the cDNA library made from the T. ni pheromone gland. This yielded a 

very high percentage of labeled clones, suggesting that this desaturase was highly expressed 

in the pheromone gland (Knipple et al. 1998). A cDNA containing an open reading frame 

coding for 349 amino acids of the T. ni Δ11 desaturase was inserted into the YEpOLEX 

expression vector, and the plasmids were transformed into ole1 mutant yeast cells. The yeast 

was allowed to grow on a plate with growth medium enriched with hexadecanoic and 

octadecanoic acids. When the fatty acids were isolated from the plate and analyzed using 

GC/MS it showed the presence of Z11-16 and Z11-18 fatty acid methyl esters (Knipple et al. 

1998). Confirming the function of the gene that they had isolated was consistent with Δ11 

desaturation and was capable of using both hexadecanoic and octadecanoic acid as 

substrates, and suggesting that they had isolated a Δ11 desaturase from the pheromone gland.  

 The suspected function of Δ9 desaturase in animal and fungal tissue is that the 

desaturation allows the cellular membranes to increase fluidity when cold (Tiku et al. 1996, 

Vigh et al. 1993). Since the hexadecanoic and octadecanoic acid that moths produce is also 

incorporated into their cell membranes it was suspected that a Δ9 desaturase that functions in 

cold adaptation was also present (Liu et al. 1999). To confirm the existence of this desaturase 

the same homology probing method, as described above, was performed in T. ni. One 

difference in this study was that instead of looking for expression in the pheromone gland 
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alone they checked for expression throughout the tissues of the moth. In this case, they 

showed that the desaturase gene that they had isolated was expressed equally throughout the 

body tissues and in fact showed less expression in the pheromone gland (Liu et al. 1999). The 

analysis of the fatty acid methyl esters using GC/MS showed the presence of Z9-16 and Z9-

18 fatty acid methyl esters on plates containing ole1 cells expressing the gene, but they found 

that it produced six times more Z9-18 than Z9-16 (Liu et al. 1999). Since, the production of 

pheromone components requires Z9-16 fatty acid precursors, the greater Z9-18 production 

was more likely involved in cold adaptation. The functional analysis of the enzyme along 

with the expression pattern that they saw suggests that the Δ9 desaturase that was isolated 

was probably involved with cold adaptation instead of pheromone production. 

 Since probing for similar enzymes in different species often uses some form of 

homology to a highly conserved gene, as above, or to a very similar gene in a closely related 

organism, when a sequence for a particular gene is made available it becomes a useful tool 

for researches that work on a closely related species. Therefore, the two studies just described 

laid important groundwork for the isolation of desaturase genes in other organisms. 

  In an experiment performed by Rosenfield and colleagues, a similar cDNA probing 

method was used except, this time it was used to probe for desaturase genes in Helicoverpa 

zea (Rosenfield et al. 2001). Once cDNA from the pheromone gland of one day old females 

was isolated it was compared to the T. ni pheromone desaturase sequences already available 

(Knipple et al. 1998, Liu et al. 1999). The experiment also determined the level of expression 

of each desaturase in the pheromone gland and the fat body, using qrtPCR, for each of the 
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enzymes identified. Finally, they used functional expression in the same manner as the 

previous experiments with ole1 yeast cells to determine the function of the desaturases that 

they found. 

 Their results showed one mRNA that was 68 percent similar to the T ni. Δ11 desaturase 

and was the most highly expressed of the pheromone gland desaturases found. When it was 

expressed in yeast ole1 cells it produced Z11-16:Acid suggesting that they had found a Δ11 

desaturase that functioned in pheromone production (Rosenfield et al. 2001). A second 

desaturase was expressed approximately one fifth as much as the Δ11 desaturase and the 

cDNA was 64 percent similar to the T. ni Δ9 desaturase. When functionally expressed it 

produced both Z9-16:Acid and Z9-18:Acid but produced about twice as much Z9-16:Acid. It 

was also shown to have higher expression in the pheromone gland than the fat body 

(Rosenfield et al. 2001). The third cDNA was shown to be 93 percent similar to the T. ni Δ9 

desaturase, produced more Z9-18:Acid than Z9-16:Acid and was expressed equally 

throughout the fat body and pheromone gland (Rosenfield et al. 2001). Because this enzyme 

was expressed equally in all tissues, showed greater homology to the Δ9 desaturase of T. ni, 

and produced more Z9-18:Acid it was concluded that this desaturase was involved in cold 

adaptation. The other Δ9 desaturase that they isolated was more likely related to pheromone 

production because of its expression pattern and its lower similarity to the desaturase gene 

described by Liu et al., 1999.  

 Evidence from this study suggests that there are at least two desaturases, a Δ9 and a 

Δ11, that are expressed mostly in the pheromone gland of H. zea, and that they have actions 
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that would be consistent with proposed biosynthetic pathways of pheromone production. 

However, all of this information is not enough to show conclusively that both enzymes are 

involved in pheromone production. One of the problems of determining a biosynthetic 

pathway is that there is more than one possible series of steps that could produce the same 

final product. Fortunately, their investigators had used labeled precursors to examine the 

general biosynthetic pathways (described above) so this evidence could be combined to show 

that the two enzymes were both utilized in pheromone production by H. zea. 

Genetics coupled with biochemistry 

 The two closely related species Heliothis subflexa and Heliothis virescens both produce 

multicomponent pheromone blends that are comprised of precise ratios of 7 compounds 

including: tetradecanal (14:Ald), (Z)-9-tetradecenal (Z9-14:Ald), hexadecanal (16:Ald), (Z)-

11-hexadecenal (Z11-16:Ald), (Z)-11-hexadecen-1-ol (Z11–16:OH), (Z)-9-hexadecenal (Z9-

16:Ald), and  (Z)-7-hexadecenal (Z7-16:Ald) (Klun et al. 1979, Teal et al. 1981). 

Additionally, H. subflexa produces 3 acetates in its pheromone blend (Figure 5). As with H. 

assulta and H. zea in the above studies, two different pathways have been proposed with 

regard to the production of (Z)-9-hexadecenal in H. virescens and H. subflexa. Either by Δ9 

desaturase using 16:CoA as a substrate or by Δ11 desaturase using 18:CoA as a substrate that 

is then chain shortened to Z9-16:CoA. Another experiment like the one above was performed 

using deuterium-labeled precursors that showed the incorporation of 18:CoA into all of the 

pheromone components of H. virescens, suggesting that the Δ11 desaturase was the only 

active desaturase in the pheromone gland (Choi et al. 2005). However, a genetic study by 
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Groot et al. (in press) suggested that a Δ9 desaturase was likely involved in H. virescens 

pheromone biosynthesis. Therefore, further evidence is needed to determine the possible role 

of Δ9 desaturase in these two species.  

Determining the genes that code for species specific blends 

 Knowing the function of genes in the pheromone biosynthesis pathway can certainly 

help us understand the mechanisms that enable production of very precise ratios of the 

components of a species’ pheromone blend. What these studies don’t tell us is what genetic 

changes in which genes cause the differences among species in pheromone blends. 

Techniques described above that have been used to determine gene function and even to 

elucidate some of the pathway that is involved tell us a lot about what is actually happening 

in pheromone production. However, without relating this information to genes it is 

impossible to determine how the differences that we see may have evolved. 

 Even if little is known about the gene or genes that produce a particular phenotype, 

quantitative trait loci analysis can help in understanding the genetics of differences among 

species. A quantitative trait locus (QTL) is a segment of DNA that is associated with 

variation in a particular phenotypic trait in this case, the pheromone blend, and for polygenic 

traits, more than one QTL is often found with the loci spread across different chromosomes. 

Each QTL identifies a particular region of the genome that contains a gene that is responsible 

for the phenotypic trait being studied. The first part of a QTL analysis is finding a set of 

genetic markers, identifiable regions of the DNA, for the species being studied. This is done 

by finding genes that occur together more often than would occur by chance alone, which 
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suggests they are on the same linkage group. Next, is to identify a marker that is significantly 

more likely to co-occur with the trait than expected by chance. Often, these regions are close 

to the gene rather than identifying the gene itself. However, even if they are only close it is 

possible to identify a certain chromosome that is related to the phenotypic trait. With this 

information, we can assess how many independently assorting alleles affect a trait and how 

these alleles interact to affect the trait.  

 QTLs can also be used to identify candidate genes underlying a trait. Once a region of 

DNA is identified as contributing to a phenotype, it can be sequenced and compared to DNA 

for genes whose functions are already known. Using this method it is possible to relate the 

phenotypic changes observed to a gene in the organism being assayed. A QTL analysis has 

shown 3 QTLs influencing the amount of Z9-16:Ald and Z9-14:Ald in H. virescens and H. 

subflexa, and that in at least one case the gene resulting in more Z9-16:Ald causes lower 

amounts of 16:Ald. Previous studies have shown us that both Δ9 and Δ11 desaturases appear 

to be involved in the production of pheromone components and make likely candidates for 

the changes that we are observing here. 

 By using genes that have been sequenced in H. zea it was possible for me to look for 

Δ9 and Δ11 desaturase genes in H. subflexa and H. virescense. Furthermore, I was able to 

determine if they are found in a QTL region that is related to changes in the pheromone 

blend. My work provides further evidence of the enzymes that are involved in the pheromone 

biosynthetic pathway but also relates it to genetic changes that may be useful for 

understanding the evolution of the diverse pheromone blends. 
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Fig. 1. β-oxidation of an 18 carbon saturated fatty acid molecule into a 16 carbon saturated 

fatty acid molecule (How to calculate…[updated2001]). 
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Fig. 2. Desaturation of an 18 carbon fatty acid molecule by a Δ11 desaturase creating a 

double bond between the 11th and 12th carbon. 
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Fig. 3. The biosynthetic pathways for producing Hv and Hs pheromone components through 

Δ11 desatuartion and Δ9 desaturation of palmitic acid (Choi et al. 2005). 
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Fig. 4. The biosynthetic pathways for producing Hv and Hs pheromone components through 

Δ11 desatuartion of octodecanoic acid and palmitic acid (Choi et al. 2005). 
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Fig. 5. The relative amount of seven different pheromone components found in the  

   Pheromone glands of Heliothis subflexa and Heliothis virescens (Gould 2008). 
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Introduction 

 Moths use a pheromone based mating system in which a precise mixture of volatile 

chemicals, is produced by females, and is responded to by conspecific males that are 

behaviorally tuned to that specific blend (Cossé et al. 1995, Linn et al. 1997). There are 

thousands of moth species, many of which occur sympatrically (Witzgall et al. 2004, El-

Sayed 2008). If a female is to maintain her fitness she needs to attract a conspecific male 

mate so that she can produce viable offspring. Therefore, the pheromone produced by 

females within a given species must be biochemically, temporally and/or spatially unique. 

Since the identification of three terpenes that comprised the pheromone of the beetle Ips 

paraconfusus (Silverstain et al. 1966), it has been shown that most insects have 

multicomponent pheromone blends (Wyatt 2003). Isolation between closely related species 

could be a result of the specificity of the pheromone’s chemical components or their ratio in 

the blend (Mori 2004). In Trichoplusia ni. and Ostrinia nubilalis females, mutations have 

been shown to occur that lead to the production of an altered pheromone blend and normal 

males show a preferential response to pheromones released by normal females, but 

discriminate between normal and mutant pheromone blends (Zhu et al. 1996, Liu and Haynes 

1994). Therefore, such mutations are likely to decrease reproductive fitness (Zhu et al. 1996, 

Butlin and Trickett 1997). For this reason, the pheromone blend of a species is expected to be 

maintained by stabilizing selection (Carde and Baker 1984, Baker 1989) and given the action 

of a stabilizing selection, it seems paradoxical that within Lepidoptera thousands of unique 

pheromone blends have evolved. 
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 To understand the surprising diversity of signals in moths it is useful to assess the 

biosynthetic pathway of pheromone production, and work on this is progressing (Tillman et 

al. 1999, Rafaeli 2002, Rafaeli and Jurenka 2003, Jurenka 2004). This research has 

elucidated certain features of biosynthetic pathways that are common to many insects. In 

Lepidoptera, it has been shown, through isotope studies, that most of the pheromones are 

synthesized de novo (Bjostad et al. 1987). Products of metabolism, especially from the fatty 

acid and isoprenoid pathways, can be modified by enzymes in the pheromone gland to 

produce the individual components of the pheromone blend (Tillman et al. 1999). Candidate 

enzyme classes in the pheromone production pathways include desaturases that introduce a 

carbon-carbon double bond at a specific place in the carbohydrate chain. Other candidates are 

reductases, oxidases, and acetyl-transferases that are responsible for modification of the 

carbonyl carbon, and chain shortening enzymes that remove a specific number of carbons 

from the fatty acid chain. Unfortunately, only two classes of moth desaturases and one 

reductase enzyme have been fully identified based on gene sequencing and heterologous 

expression in a functional assay system (Knipple et al. 2002, Moto et al. 2003, Roelofs and 

Rooney 2003). Most of the predicted classes of enzymes involved in pheromone biosynthesis 

are yet to be identified.  

 Our specific interest has been in the genes and enzymes that cause differences between 

the pheromone blends of Heliothis virescens (Hv) and Heliothis subflexa (Hs). These two 

closely related species of moth in the Noctuidae family have been used for studying the 

genetics of pheromone blend because, while they remain reproductively isolated in the wild, 
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they can be crossed to produce hybrids with altered pheromone blends in the lab (Teal and 

Oostendorp 1995, Teal and Tumlinson 1997, Groot et al. 2004, Sheck et al. 2006). Both 

species produce a multicomponent pheromone blend that is comprised of a precise ratio of 7 

compounds including: tetradecanal (14:Ald), (Z)-9-tetradecenal (Z9-14:Ald), hexadecanal 

(16:Ald), (Z)-11-hexadecenal (Z11-16:Ald), (Z)-11-hexadecen-1-ol (Z11–16:OH), (Z)-9-

hexadecenal (Z9-16:Ald), and  (Z)-7-hexadecenal (Z7-16:Ald) (Klun et al. 1979, Teal et al. 

1981). Additionally, Hs produces 3 acetates that are not produced by Hv; (Z)-11, (Z)-9 and 

(Z)-7-hexadecenyl acetate. Of special interest to us was the fact that the ratio of 16:Ald to 

Z9-16:Ald in Hv is greater than it is in Hs, suggesting that Hs may more effectively 

desaturate the 16:Ald or that it may produce these components by a different pathway.   

 Previous experiments by Sheck et al. (2006) and Groot et al. (in press) using F1 hybrid 

females backcrossed to the parental Hs revealed 11 quantitative trait loci (QTL) that were 

responsible for differences between Hv and Hs in the proportions of the 10 total pheromone 

components (Figure 6). Quantitative trait loci (QTL) are segments of DNA that are correlated 

with the expression of a specific quantitative phenotypic trait (e.g. body size, or the amount 

of a specific pheromone component). One of the QTLs found in the Groot et al. (in press) 

study specifically affected the ratio of 16:Ald to Z9-16:Ald. We hypothesized that this QTL 

might include a gene that codes for a desaturase, alleles of which were responsible for the 

different ratios of 16:Ald to Z9-16:Ald in Hv and Hs. Although the desaturase genes in Hv 

and Hs have not been sequenced, Rosenfield et al. (2001) had sequenced two Δ9 desaturase 

genes from the closely related species, Helicoverpa zea and Jeong et al. (2003) a Δ11 from 
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Helicoverpa assulta.  

 Here we describe an experiment that uses a combination of the sequence information 

obtained in the Rosenfield and Jeong experiments (Rosenfield et al. 2001, Jeong et al. 2003) 

with the QTL information that we have previously obtained for Hv and Hs (Groot et al. in 

press). Rather than obtaining full cDNA sequence information, the sequences obtained from 

H. zea were used to design heterologous probes to determine if homologs of the two Δ9 and 

one Δ11 desaturase genes found in H. zea were found in Hs and Hv, and if so, within which 

chromosomes they were found. We found all three desaturase genes in Hv and Hs. Our 

mappings showed that the Δ11 desaturase (Δ11-PGD) does, in fact, map to the same 

chromosome that contains the QTL for changes in the ratio of 16:Ald to Z9-16:Ald. 

However, when we mapped the pheromone gland Δ9 desaturase (Δ9-PGD) and the fat body 

Δ9 desaturase (Δ9-FBD) genes both were found on a chromosome that contained no QTL for 

pheromone changes. We conclude that in Hs and Hv, the Δ11 desaturase appears to be 

involved in the pheromone biosynthesis and is likely more active in Hs. 

Materials and Methods 

Experimental Insects 

  The Hv colony was established from insects collected in Yadkin County, North 

Carolina in 1988 (Gould et al. 1995). The Hs colony was established using moths collected 

from Physalis angulata fruits in 1997 near Barnwell and Florence, South Carolina (Sheck et 

al. 2006). Larvae were maintained on a corn soy meal diet until pupation (Joyner and Gould 

1985, Sheck and Gould 1996). Both species were reared individually in 30-ml medicine cups 
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with cardboard lids. After pupation, they were removed and separated by sex. Adults were 

placed into 1L plastic buckets that were covered with cheesecloth and contained sugar water 

wicks. Females laid their eggs on the cheesecloth.  

 The DNA used for this experiment was originally extracted for QTL analysis as part of 

a separate study in 2004 (Groot et al. in press). The DNA used was from two backcross 

families from that study. One backcross family was produced by first mating a single Hv 

female to a single Hs male. One F1 hybrid female from that cross was then backcrossed to an 

Hv male; in this case making Hs the non-recurrent parent species. The second backcross 

family used was produced by first mating a single Hv female to a single Hs male. One F1 

hybrid female from that cross was then backcrossed to an Hs male.  

QTL Analysis 

 No QTL analysis was performed as part of this study it was conducted as part of a 

separate study (Groot et al. in press), but because these results are not yet published a brief 

description of that analysis is warranted. The methods used were similar to Sheck et al. 

(2006) except that backcrosses occurred between both Hv and Hs males. The female 

backcross offspring were reared to the adult stage. They were injected with pheromone 

biosynthesis activating neuropeptide (PBAN) to stimulate pheromone production similar to 

that produced in scotophase (Groot et al. 2004). One hour after injection, the glands were 

removed and placed in 50 µl of hexane that contained 20 ng of an internal standard (1-

pentadecanol acetate) (Sheck et al. 2006). The pheromone glands’ contents were analyzed in 

an HP 6890 gas chromatograph. DNA was extracted from one half of each female’s thorax 

36 



 

 

and was prepared for AFLP analysis using procedures described in Sheck et al. (2006). 

Because there is no recombination in female Lepidoptera, the offspring from the backcross 

were expected to have a 50% chance of inheriting a copy of each independently assorting full 

Hs chromosome. In the AFLP analysis the presence of each chromosome from Hs in a 

backcross female was determined based on at least 2 AFLP bands from independent primer 

pairs. The chromosomal genotypes and pheromone phenotypes of the moths were then 

compared to determine the presence of QTL that impacted the relative amounts of the 

pheromone compounds (Sheck et al. 2006).   

Design of Complementary Probe Oligonucleotides 

 A set of primers had already been designed for use as hetologous probes to find a Δ11-

PGD homolog in H. assulta, we used the same primers that were used in that experiment 

(Jeong et al. 2003). Specifically, we used the primer sequences (GSP1 and GSP2) designed 

for the HassLPAQ gene sequence of H. assulta (Jeong et al. 2003). These are gene specific 

primers designed for the isolation of the Δ11 desaturase gene in H. assulta. The custom 

HassLPAQ, primers were synthesized by Sigma-Aldrich (Sigma-Aldrich Inc., St. Louis, 

MO). The sequences for the GSP1 and GSP2 primers were 5'-tgagggaccatcgtctccat-3' and 5'-

cactgctacattttgggcag-3' respectively. The conditions used for the PCR reaction were 

incubation at 95°C for 1 min, followed by 35 cycles of 95°C, 1 min; 52°C, 1 min; 72°C, 2 

min., and finally 72°C for 2 min. The results of all reactions were run on 2% agarose, 

1xTBE, 150V for 3 hours. 

 Since there were no primers available for finding Δ9-PGD and Δ9-FBD homologs, we 
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developed custom primers for this purpose. Primers used for the amplification of both the 

Δ9-PGD and Δ9-FBD coding regions were designed using two Helicoverpa zea desaturase 

sequences, PGDs2 (Accession no. AF272343) for Δ9-PGD, and FBDs (Accession no. 

AF272345) for Δ9-FBD (Rosenfield et al. 2001). The primers were designed with the aid of 

FastPCR software (FastPCR© 1999-2009). From each of the two sequences, the primer 

(probe) searching function of FastPCR was used to generate a list of primers between 20-25 

oligonucleotides in length, with a Tm range of 54-70°C and a GC content between 44 and 66 

percent. From the list of possible primers produced, a series was selected that would amplify 

fragments from different segments of the H. zea sequence to increase sequence coverage and 

the likelihood of producing different length sequences in Hs and Hv. Primers were chosen to 

have similar annealing temperatures so that multiple combinations of forward and reverse 

primers could be easily used. The custom FBDs desaturase primers were synthesized by 

Invitrogen (Invitrogen Corporation, Carlsbad, CA) and PGDs2 primers, were synthesized by 

Sigma-Aldrich (Sigma-Aldrich Inc., St. Louis, MO).  

 Thermal cycler reactions were performed in a PTC-100TM Peltier Thermal Cycler in 

25 µl reaction volumes containing 2 µl dNTPs (2 mM), 2 µl 10X TaKaRa Ex-Taq™ Buffer 

(20 mM MgCl2), 1.5 µl (16 pmol µl) each of specific 5' and 3' primers, 0.15 µl TaKaRa Ex-

Taq™ DNA Polymerase (TaKaRa TAK_RR001A), and varying amounts of DNA template 

from a single moth depending on the concentration of the extracted DNA to get 0.5 µg per 

the reaction. For the two Δ9 desaturases, reactions were incubated at 94°C for 3 min, 

followed by 18 cycles of 94°C, 1 min; 57°C – 0.5°C per cycle, 1 min; 72°C, 2 min., and 
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72°C for 1 min. From all of the primer combinations tested for the Δ9 desaturase genes, a set 

of primers was chosen that produced a strong, visible band on the agarose gel, and where the 

length of the fragment that was amplified showed a clearly observable difference in length 

between the two species.  

 The Δ9-FBD, primer pair that was chosen consisted of a forward primer with the 

sequence, Δ9-FBDForward '5-caagtactctgaaacggatgctg-3' and a reverse primer with the 

sequence, Δ9-FBDReverse '5-tgatgttcttgtcgaaggcttgg-3'. For Δ9-PGD, the primer pair that 

was chosen consisted of a forward primer with the sequence, Δ9-PGDForward '5-

acattggctggctgcttgtcagg-3' and a reverse primer with the sequence Δ9-PGDReverse '5- 

tgtttgatccattgaccgcagtg -3'. For a complete list of the primers that were tested in this 

experiment see the accompanying table (Table 1). 

Sequencing 

 Once primers were chosen for the amplification of each gene a series of reactions were 

set up with DNA from wild type Hs and Hv using the selected primers. The results of the 

reactions were visualized on 3.5% agarose, 1xTBE, 150V for 3 hours, the bands extracted, 

and the PCR products sequenced to determine that the PCR products showed significant 

similarity to the original sequence used for primer design. The DNA was separated from the 

agarose with a QIAquick Gel Extraction Kit, using the QIAquick Gel Extraction Kit 

Microcentrifuge Protocol (Qiagen, 28704). The gel extract was sequenced independently by 

MWG Biotech (Huntsville, AL) and the resulting sequences were compared to the NCBI 

blast database to determine their similarity to the original sequences from Rosenfield et al. 
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2001 and Jeong et al. 2003. 

Competition between Hs and Hv alleles 

 Before the mapping of the desaturase genes, the primers were tested for effects of 

competition during the PCR reaction between the alleles in Hs and Hv. A set of fifteen, 25 µl 

reaction volumes were set up where five contained wild type Hv DNA template, five 

contained wild type Hs DNA template and five contained one half the amount of each of Hs 

and Hv DNA template. The reactions were prepared according to and run using the same 

thermo-cycler programs listed above. The PCR products were run on 2% agarose, 1xTBE, 

150V for 3 hours. The results were examined to determine if they produced two 

distinguishable bands and constant results when copies of both alleles were amplified in one 

mixture. 

Mapping 

  To map the Δ11-PGD gene DNA from 20 individuals from backcross-1 (F1 female 

mated to male Hs) was used. For each of the 20 individuals, a 25µl reaction was set up and 

run using the thermo-cycler conditions outlined above for the Δ11 primers. The PCR 

products were subjected to electrophoresis on 2% agarose, 1xTBE gels at 150V for 3 hours. 

The gel results were compared to the genotype for each individual that was established in the 

previous QTL experiments described above (Groot et al. in press). If the desaturase gene 

being examined was associated with the difference between the two species in the ratio of the 

two aldehydes, then individuals that showed two bands (one copy of the Hs and one copy of 

the Hv desaturase genes) were expected to also show both Hs and Hv copies of the 
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chromosome previously established to affect the ratio of the two aldehydes. Individuals that 

produced only a band representing the desaturase gene from the recurrent parent species 

would be expected to only have the previously established chromosome from the recurrent 

parent.  

 To determine which chromosome a desaturase gene mapped to, we tested all 30 

autosomes to see whether there was a perfect (or close to perfect) correspondence between 

the presence/absence of the desaturase genes from the non-recurrent parent in the backcross 

individuals and the presence/absence of a specific chromosome from the non-recurrent parent 

in those individuals (Figure 7). The same procedure was used for the mapping of all three 

desaturase genes. Because we had a limited amount of DNA to use for this experiment a 

second set of reactions was run for the Δ9-PGD gene, using a different set of individuals. The 

only difference from the first mapping of the Δ9-PGD gene being that we used 20 individuals 

from 04-BC1-NV that were backcross-1 (F1 female mated to male Hv). 

Results 

Sequencing 

 PCR reactions were performed using each of the selected probes with wild type Hs and 

Hv DNA. The sequences obtained from these reactions were analyzed using the NCBI 

BLAST database (http://blast.ncbi.nlm.nih.gov/Blast.cgi) to determine their homology to the 

original H. zea sequences used for primer design or in the case of the Δ11-PGD to the 

original H. assulta sequence. All sequences were aligned using the BlastN software. For 

longer sequences like those used for mapping the two Δ9 desaturase genes a higher 
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concentration of DNA is required for sequencing. The DNA samples that we used were 

extracted from agarose, this technique makes it difficult to control the concentration of DNA 

in the final preparation for sequencing. Even if there is enough PCR product much can be 

lost during gel extraction and contaminants may be left behind as part of the extraction 

process. Because of this we were unable to get a full sequence for any of our Δ9 desaturase 

genes. With a low concentration of DNA the initial part of the reaction produces clear results 

but there are many inacuaracies as the reaction is carried out. Because longer sequences were 

used for mapping the two Δ9 desaturase genes the sequences obtained by the forward and 

reverse reactions could not be aligned to each other because there was no overlap in the 

sequences or there was enough error to prevent alignment. In every case a partial sequence 

was obtained where the chromatogram showed a clear result and there was significant 

sequence similarity to the original sequence used to design the primers. For the two Δ9 

sequences both the forward and reverse sequences were compared to the original mRNA 

sequence. The Δ9-PGD produced two PCR products with the Hs fragment at 800bp in length 

and a Hv product 1600bp in length. The sequences obtained (Table 2) successfully matched 

the acyl-CoA desaturase (PGDs2) mRNA (Accession no. AF272343) with Hs forward E = 

4e-14, reverse E = 8e-156, and Hv forward E= 4e-15, reverse E = 0.0 (Table 3). Comparison 

of our forward sequences for Δ9-PGD to an available partial gene sequence for PGDs2 

showed that our sequence contained an intron which resulted in lower sequence match to the 

mRNA sequence than to the gene sequence. The Δ9-FBD Hs PCR product was 700 bp and 

the Hv 1200 bp and the sequencing results (Table 4) produced a match in both species to the 
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acyl-CoA delta-9 desaturase mRNA (FBDs) (Accession no. AF272345) with Hs forward E = 

4e-52, reverse E = 3e-53, and Hv forward E = 2e-53, reverse E = 1e-54 (Table 5). The Δ11 

produce shorter PCR products with an Hs product of 600bp and an Hv product of only 500 

bp. When the Δ11-PGD sequences (Table 6) were aligned in the forward and reverse 

directions, the resulting sequence produced two matching segments to the H. assulta acyl-

CoA desaturase HassLPAQ mRNA (Accession no. AF482908) with Hs E = 4e-86 and E = 

4e-73, Hv E = 9e-74 and E = 2e-70 (Table 7).  

Competition between Hs and Hv alleles 

 Sometimes when two alleles are present the primer may prefer one of the alleles to the 

other. When the DNA from two alleles is combined in the same PCR reaction and the 

products are separated by electrophoresis the band that identifies one of the alleles may be 

too weak to be observed. To test for this form of competition, we combined equal amounts of 

Hs and Hv DNA and compared the bands we obtained to samples run with DNA from only 

one Hs or Hv individual. The test for these effects showed differences when mixing Hs and 

Hv DNA for all of our samples (Figure 8). However, in each case, the effect was uniform 

when analyzed across several individual samples, and we could clearly identify two bands in 

the hybrid samples. Since, both bands were identifiable when both alleles were present we 

determined that we would be able to identify individuals with both copies (Hs and Hv) of a 

desaturase gene when PCR products produced using the chosen primers were separated on a 

gel. 
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Mapping 

 The mapping was performed by recording the percentage of individuals where the 

number of copies of the gene of interest from the non-recurrent parent is the same as the 

number of copies of a specific chromosome from the non-recurrent parent. For example, if 

one of the candidate genes is located on chromosome A then whenever an individual has a 

copy of chromosome A from a non-recurrent parent they should also have a one copy of the 

candidate allele from the non-recurrent parent. When they do not have a copy of 

chromosome A from a non-recurrent parent then they should not have a copy of the 

candidate gene from the non-recurrent parent but would still have a single band showing that 

they had the candidate allele from the recurrent parent (These are homozygotes but the 

analysis can’t visualize the 2 copies).    

 The Δ9-PGD was mapped in two backcross families, one in which the F1 female was 

crossed to an Hs male (S direction) and the other in which the F1 was crossed to an Hv male 

(V direction). For the Δ9-PGD in the S direction, of the 20 samples used, there were 16 

successful PCR reactions from backcross females (Figure 9), and of those, all 16 matched 

only when compared to chromosome 5 of the individuals’ genotype [z(16) = 4.0, p = 

0.00001]. A second mapping for Δ9 –PGD was performed in the V direction. The reaction 

produced 18 successful PCR reactions (Figure 10) of which all 18 were positive matches 

only for chromosome 5 of the individual’s genotype [z(18) = 4.24, p = 0.00001]. For the 

mapping of the Δ9-FBD we produced 16 successful results (Figure 11) of which 16 were 

again positive matches only for chromosome 5, [z(16) = 4.0, p =0.00001]. Finally, our other 
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candidate gene, the Δ11-PGD, was mapped and of the 18 successful reactions (Figure 12) all 

18 were positive matches only for chromosome 15 of the individuals’ genotype [z(18) = 

4.24, p=0.00001].  

Discussion 

 Previous QTL mapping research has identified QTLs for changes in major pheromone 

components of the Heliothines (Sheck et al. 2006, Groot et al. in press). The chromosome 15 

has been identified to contain a QTL for differences between the ratio of (Z) 9-16:Ald and 

16:Ald in Hs and Hv. In H. zea, it has been shown that there is a Δ9 desaturase that is more 

highly expressed in the pheromone gland, than in the fat body. This Δ9 pheromone gland 

desaturase is hypothesized to be involved in the change of 16:Ald to (Z) 9-16:Ald (Groot et 

al. in press). If this had been the case in Hs and Hv the Δ9-PGD gene would be expected to 

map to chromosome 15, the chromosome responsible for this change. However, both Δ9 

desaturase genes mapped to chromosome five. Chromosome five has not been shown to 

contain any QTLs that are related to changes in pheromone components (Groot et al. 2006). 

Alternative pathways have been suggested that could explain changes in both components 

depending on the length of the fatty acid entering the pathway originally. A Δ11 desaturase 

could produce either (Z)11-16:OH or (Z)9-16:Ald given either a 16C fatty acid or and 18C 

fatty acid, respectively, is the precursor. The results show that the Δ11-PGD gene maps to the 

chromosome 15. This finding supports the hypothesis that the Δ11-PGD is responsible for 

differences between Hs and Hv in the ratios of 16:Ald and Z9-16:Ald. 

 In Lepidoptera, closely related species tend to show similarities in the components that 
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make up their pheromone blends and in the biosynthetic pathways through which they are 

produced (Cardé and Millar 2004). One of the major goals of pheromone research in moths is 

to determine how the diversity of pheromones that we see today could have evolved 

especially since they appear to be influenced by a strong stabilizing selection (Cardé and 

Baker 1984, Baker 1989). To understand the evolution of pheromones will require a 

combination of genomic and phylogenetic analyses, but also an understanding of the biology 

of pheromone production. The evolutionary steps involved in producing novel pheromones 

need to make sense in terms of how the different steps that were involved in changing the 

signal that is transmitted, could have the least negative effect on female fitness. 

  Characterization of two classes of desaturases in the moth species T. ni has led to the 

characterization of desaturases in closely related species. (Knipple et al. 1998, Liu et al. 

1999). It has also led to evidence suggesting how these desaturases may function in the 

biosynthetic pathway of H. assulta, H. zea (Choi et al. 2002), Hs, and Hv (Choi et al. 2005). 

The two experiments performed by Choi and colleagues produced two different answers to 

the same question. In both experiments, the research was attempting to determine if the 

pheromone biosynthetic pathway in specific moth species was producing Z9-16 aldehyde by 

Δ9 desaturation of hexadecanoic acid or if octadecanoic acid alone was the substrate for Δ11 

desaturation followed by chain shortening. Interestingly the answer in H. assulta appeared to 

be that it used both enzymes while H. zea used only Δ11 desaturation (Choi et al. 2002). A 

similar study showed that like H. zea, Hs and Hv also appeared to produce Z9-16 aldehyde 

by Δ11 desaturation and chain shortening (Choi et al. 2005). This provides evidence of the 
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biosynthetic pathway, but leaves unanswered questions about specific enzymes that 

determine the ratio of the saturated to desaturated aldehydes in a species pheromone blend.  

 Our results demonstrate that the chromosome that affects the ratio of the two aldehydes 

contains the sequence for the one Δ11 desaturase. The sequence for the two Δ9 desaturases 

were found in the genome of both species but mapped to a chromosome that contains no 

known QTL for differences in pheromone blend. The results of our experiment were 

consistent with those of Choi and colleagues suggesting that a Δ11 desaturase may be 

involved in the production of the Z9 components by chain shortening of a Z11-18 fatty acid. 

(Choi et al. 2005).  

 Since, the function of the sequences obtained in this experiment was to determine if we 

had isolated our candidate genes in Hs and Hv we did not design internal primers to obtain 

longer sequences or analyze changes to coding regions of the sequences that we obtained. 

Though determining the full sequence for these desaturase genes may give us useful 

information about their differences, the difference that we are looking for may actually be in 

the amount of the desaturase present.  

 Our result suggests that looking at the expression levels of the candidate genes 

examined especially of the Δ11 desaturase would give us insight into the next steps needed to 

determine its role. To further verify our result and to elucidate the biosynthetic pathway, 

future experiments with qRT-PCR could be used to determine the level of expression of both 

desaturases in the two species. If one species produced larger amounts of Δ11-PGD then the 

amount of the desaturase could be the key to the differences seen. However, if the same 
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expression levels are observed in both species it would tell us that we would need to do 

further studies on the differences in that protein between the two species, again looking at 

substrate specificity. Whatever the case if the expression levels of the desaturases do not 

coincide with our results we will need to look further into differences in sequence, structure, 

and function. A desaturase that is active in pheromone production would be expected to show 

high expression levels in the pheromone gland when it is producing pheromone.   

 The Δ9-PGD was not found in the QTL for changes in 16:Ald and Z9-16:Ald but if Δ9-

PGD were expressed in high levels then it would indicate that it might be functioning in 

some other capacity. If only the Δ11-PGD were involved in production of Z11-16:Ald, Z11-

16:OAc, Z11-16:OH, Z9-16:Ald and Z9-16:OAc then we would expect to see little or no 

expression of the Δ9 gene. High levels of expression of the Δ9-PGD may indicate its 

involvement in the production of other pheromone components including (Z)7-16:Ald and 

(Z)7-16:CoA. Of course, to determine if this was the case we would need to establish which 

substrate the Δ9-PGD desaturase was using, for example, if it were involved in the 

production of (Z)7-16:Ald and (Z)7-16:CoA it would need to use octadecanoic acid as it’s 

substrate. 

 Not all Δ11 desaturases have the same substrate specificity. While the Δ11 desaturases 

found in Trichoplusia ni. convert 16 and 18 carbon fatty acids to unsaturated z isomers, those 

found in H. zea only convert 16 carbon fatty acids (Knipple et al. 1998, Choi et al. 2002). 

Therefore, the differences found in Hs and Hv may not be a result of alleles of one Δ11 

desaturase but rather the effects of two Δ11 desaturases with different substrate specificity 
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that are tightly linked and appear to be a single gene.  

 To more rigorously determine if the Δ11 desaturase examined in our study is 

responsible for ratio differences between Hs and Hv we should study substrate specificity of 

this desaturase by cloning and functionally expressing it in a simple organism like yeast or 

bacteria. The ole1 mutant of Saccharomyces cerevisiae expresses a single Δ9 desaturase that 

can be functionally replaced to express another gene; this strain of yeast has been 

successfully used to test the substrate specificity of moth desaturases (Knipple et al. 1998, 

Liu et al. 1999, Rosenfield et al. 2001).   

 One other possibility is that the Δ9 desaturase could be expressed in different levels in 

Hs and Hv. If the expression level of the Δ9 desaturase were different between the two then it 

might indicate that it is involved in changes in pheromone blend. There is a possibility that a 

transacting factor on the same chromosome as this QTL is responsible for regulating the 

expression of the Δ9 desaturase. Trans acting factors are coded by DNA sequences found in 

one genomic location but act on a gene in a different location. The transacting factor would 

be coded for on the chromosome containing the QTL but would be able to affect the 

expression of a gene that was on another chromosome. The odds of a transacting factor being 

involved, and it being on the same QTL as the Δ11-PGD given that there are thirty 

autosomes is low, but it is still a possibility worth consideration.  

 Whatever the actual biosynthetic pathway is, being able to connect parts of that 

pathway to the genes of the moth will make our hypotheses about the evolution of this 

diverse system more precise. The ultimate goal of our research is to understand how such 
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significant variation in female pheromone production could have evolved. One, hypothesis is 

that it arose through a process of sympatric speciation as a result of the pheromone changes. 

Many people believe that allopatric speciation is pervasive and the sympatric speciation only 

occurs in a few rare cases, but the particulars of any case are extremely difficult to establish 

(Jiggins 2006). One thing that is clear is that a significant amount of diversity of female 

pheromones has arisen. Those small changes to the ratios of pheromone components or the 

absolute amount of specific pheromone components themselves could be an effective 

isolating mechanism. The female possessing a mutant phenotype presents a model system for 

studying evolutionary scenarios that might have led to the diversity of pheromone blends. 

More important, a mutant female where the mutations can be directly linked to changes in 

pheromone biosynthesis presents a unique model system where we can look more closely at 

the mechanisms underlying those changes and perhaps obtain evidence to test mechanisms of 

evolution. 
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Fig. 6. This diagram represents the genome of a theoretical Hv individual with an Hs non-

recurrent parent. The bars representing the 30 autosomes and one sex chromosome are shown 

in different colors to represent an individual of one species with 25% of the other species’s 

DNA inserted. The arrows identify chromosomes that have QTLS for changes in pheromone 

components. The bolded arrows identify the chromosomes carrying the desaturases that we 

examined in this experiment (Vásquez 2008). 
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Fig. 7. The outline above represents the general experimental procedure used to  map the 

desaturase genes to a specific chromosome. 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Table 1. The list of primers that were tested before the final primer sets were selected for 

mapping. The acyl-CoA desaturase (PGDs2) mRNA sequences yielded a total of 12 primers 

that were predicted to produce fragments of the desired lengths, and had comparable 

annealing temperatures. The acyl-CoA desaturase (FBDs) mRNA sequences yielded 11 such 

primers. The primers used for mapping candidate genes are shown in red. 
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PGD-2-F 5-ttcgagagtgatgcagcgacg-3!

PGD-3-F 5-cgcctgtgcagaaggctgacaa-3!

PGD-5-F 5-cacttagcggctctttacggagg-3!

PGD-6-F 5-cttctcagctaaatggcagacag-3!

PGD-8-F 5-gtatcacggctggagcacatcg-3!

PGD-11-F 5-gctgatcctcataatgcgacc-3!

PGD-12-F 5-acattggctggctgcttgtcagg-3!

PGD-13-F 5-acatgagcgacttacttgctgac-3!

PGD-24-F 5-tgtaccgcagattacgtgggta-3! FBD-1-R 5-tgatgttcttgtcgaaggcttgg!-3!

FBD-15-R 5-taagcataggtacctcacagc-3!

FBD-19-R 5-cacgcgtgataagcacatgca-3!

FBD-21-R 5-ccgaaatgcttcaaaggtcactc-3!

FBD-22-R 5-aatcgttcaagccgtaagagc-3!

"#$!%&'()'*!"'+,-'.!

"#$!/-0-'.-!"'+,-'.!

PGD-3-R 5-tgaagcagtggtccgtttgacg-3!

PGD-6-R 5-tgtttgatccattgaccgcagtg-3!

PGD-11-R 5-actgtcttcaggtcgtaagccca-3 

FBD-2-F 5-cacgatcggttaaccccatgcta-3!

FBD-4-F 5-taacgttgtgcgcattcgtgac-3!

FBD-6-F 5-gacatctaaaggcaccttcagca-3!

FBD-8-F 5-atagctcttacggcttgaacga-3!

FBD-13-F 5-tgttctttccaggatgccatc-3!

FBD-14-F 5-caagtactctgaaacggatgctg-3!

%1$!%&'()'*!"'+,-'.!

%1$!/-0-'.-!"'+,-'.!



 

 

 

 
 
 
 
 
 
 
 
 
Hv   1 CCTAAAGCCCAGGAAAGGGCAGGGACTTGACATGAGCGACTTACTTGCTGATCCCATTCTCAGATTCC  68 
                 |||   ||| | | ||||  ||||||||||||||||||||||||||||||||||||||||||||||||  
Hs   1 CCTCCCGCCTAAGGAAGGTAAGGGACTTGACATGAGCGACTTACTTGCTGATCCCATTCTCAGATTCC  68 
                                                                     
  
Hv  69 AGAAAAAGTAAGTAATATTTTTGTAAATAAACTCACCTGATTAATTTTCATTCCTAC--TCTACAAGA  134                                                                                                    
                 |||||||||||| |  ||||||| ||| |             ||||| ||| ||  |  || || | 
Hs  69 AGAAAAAGTAAG-ATAATTTTTGGAAAAA-------------AATTTCCATCCCACCGGTCAAC-ACT  121 
 
 
Hv 135 TAGCTTAATGCATGATGTGATCTGTATTTGTTTAATTACTGTGTTTTTATGATGAT-GATTATAAAGG  201 
                 |||||  | ||||||||| ||| | |||||||||||||||||| ||| | |||||| |||| || ||| 
Hs 122 TAGCTAGACGCATGATGTAATCCGCATTTGTTTAATTACTGTG-TTTGAAGATGATCGATTTTAGAGG  188 
 
 
 
 
 
Hv   1  CCTCGAAACATTTATGCTTCCA-GGTACTTCTAATG-T-GTTTTTCTATATATTTAATAAGTCTATC  65 
                         ||||| ||||||||||||| | ||| ||||||||||||||||||||||||  
Hs   1 CCCCCAAACCAGGTAGGCTTCCAAGGTACTTCTAATGGTGGTTATTCTATATATTTAATAAGTCTATC  68 
 
  
Hv  66 TCAAATAGGATTAAAATCTTAAAACATCTATTAAATAAAAATTTTGCGTGGCTCAACGTACCCACTAG 133 
       |||||||||||||||||||||||||||||||||||||||||  |||||||||||||||||||| |||| 
Hs  69 TCAAATAGGATTAAAATCTTAAAACATCTATTAAATAAAAAGGTTGCGTGGCTCAACGTACCCGCTAG 136 
  
  
Hv 134 GATTAAAATCTTAAAACATCTATTAAATAAAAATTTTGCGTGGCTCAACGTACCCACGTAATCTGCAA 201   
       |||||||||||||||||||||||||||||||||  |||||||||||||||||||| |||| ||||||| 
Hs 137 GATTAAAATCTTAAAACATCTATTAAATAAAAAGGTTGCGTGGCTCAACGTACCCGCGTAGTCTGCAA 204 
 
  
Hv 202 AGAGTTAATCATCCTTAGGATTGATTCTGATAGCGGCATCAATTTCTTCTTTGGATTGATTTTCATCT 269 
       ||||||||||  ||| |||| || |||||  ||||||||||||||||||||||||||||||||| || 
Hs 205 AGAGTTAATCGGCCTGAGGAGTGGTTCTGGGAGCGGCATCAATTTCTTCTTTGGATTGATTTTCGTCC 272 
 
  
Hv 270 CCCCAGCCCCACAGGTGGTGGGAACCATCACCAGTGCGCTTCACCCTGTTCTTGACAATATCATCGGA 338  
       ||||||||||||||||||||||| |||||||||||||||||||||||||||||||| ||||||||||| 
Hs 273 CCCCAGCCCCACAGGTGGTGGGAGCCATCACCAGTGCGCTTCACCCTGTTCTTGACGATATCATCGGA 341 
 
  
Hv 339 CACTGTCTTCAGATCGTAAGCCCAGCCAATCTTGGCAAAGAAGTTAATAAAAGTGGTAGTGAAGTTGA 406 
       ||||||||||||||||||||||||||||||||| |||||||||||||| || || ||||||||||||| 
Hs 342 CACTGTCTTCAGATCGTAAGCCCAGCCAATCTTAGCAAAGAAGTTAATGAAGGTAGTAGTGAAGTTGA 409 
 
  
Hv 407 GTTTGTTGTTGCCCAGCTCAGCAGTTTTGTAATCCCAGGGGAATGTGTGGTGGTAGTTGTGGAACCCT 474 
       |||||||||||||||  ||||||||||||| ||||||||||||||||||||||| ||||||| ||||| 
Hs 410 GTTTGTTGTTGCCCAATTCAGCAGTTTTGTCATCCCAGGGGAATGTGTGGTGGTGGTTGTGGCACCCT 477 
 
  
Hv 475 TCTCCGAGAGCGAACATAGCGACCGACAAGTTTTCCGAAGGCTTGATGCTTTTGT-CGTAGGGTTTGT 541 
       ||||| ||||||||| | |||||||||||||||||||||||| ||| |||| ||| ||   ||| ||| 
Hs 477 TCTCCCAGAGCGAACGTCGCGACCGACGAGTTTTCCGAAGGCGTGAGGCTTCTGTCCGCGAGGTCTGT 545 
 
  
Hv 542 CTCCCCACTTGTGGGCGGCAGAGTTGACGAGCCACGTCACGT  583 
       ||||||||  ||||||||  ||| ||||  ||| || | ||| 
Hs 546 CTCCCCACCGGTGGGCGGTCGAGCTGACCCGCCCCGGCTCGT  587 

58 

 Δ9‐PGD‐Reverse 

Table 2. Sequencing results obtained for the pheromone gland desaturase (Δ9‐

PGD) gene segments, with the forward and reverse from each species aligned. 

aligned. 

 
 Δ9‐PGD‐Forward 



 

 

 

Table 3. Alignment of the obtained sequence for the Δ9-PGD desaturase gene to the 

sequence obtained by Rosenfield et al. 2001 (Accession no. AF272343).  

 

 

 

!9-PGD-HV-Forward  

Score = 93.3 bits (102),  Expect = 4e-15 
Identities = 64/70 (91%), Gaps = 2/70 (2%) 
 
H. virescens     9 AGGA-AAGGGCA-GGGACTTGACATGAGCGACTTACTTGCTGATCCCATTCTCAGATTCC  68 
                   |||| ||||||| |||||| ||||||||||||||||||||||| ||||||||||| |||| 
H. zea         583 AGGAGAAGGGCAAGGGACTCGACATGAGCGACTTACTTGCTGACCCCATTCTCAGGTTCC  642 
 
H. virescens    69 AGAAAAAGTA  78 
                   ||||||| || 
H. zea         643 AGAAAAAATA  652 
 

!9-PGD-HV-Reverse 

Score =  917 bits (1016),  Expect = 0.0 
Identities = 592/642 (92%), Gaps = 8/642 (1%) 
 
H. virescens   10 ATTTATGCTTC-CAGGTACTTCTAATGTGTTTTTCTATATATTTAATAAGTCTATCTCAA  68 
                  ||||||||||| || ||| |||||||||||| ||||||||   ||||||||||||||||| 
H. zea       1285 ATTTATGCTTCACAAGTATTTCTAATGTGTTATTCTATAT---TAATAAGTCTATCTCAA  1229 
 
H. virescens   69 ATAGGATTAAAATCTTAAAACATCTATTAAATAAAAATTTTGCGTGGCTCAACGTACCCA  128 
                  |||| ||||||||||  | | |||||||||||||||  ||||||||||| ||| |||||| 
H. zea       1228 ATAG-ATTAAAATCTCTAGATATCTATTAAATAAAA--TTTGCGTGGCTAAACATACCCA  1172 
 
H. virescens  129 CGTAATCTGCAA-AGAGTTAATCATCCTTAGGATTGATTCTGATAGCGGCATCAATTTCT  187 
                  ||||||||||   | | |||||| |||||||||||||||||||||||||||||||||||| 
H. zea       1171 CGTAATCTGCGGTACAATTAATCGTCCTTAGGATTGATTCTGATAGCGGCATCAATTTCT  1112 
 
H. virescens  188 TCTTTGGATTGATTTTCATCTCCCCAGCCCCACAGGTGGTGGGAACCATCACCAGTGCGC  247 
                  ||||||||||||||||| |||||||||||||||||||||||||| || |||||||||||| 
H. zea       1111 TCTTTGGATTGATTTTCGTCTCCCCAGCCCCACAGGTGGTGGGAGCCGTCACCAGTGCGC  1052 
 
H. virescens  248 TTCACCCTGTTCTTGACAATATCATCGGACACTGTCTTCAGATCGTAAGCCCAGCCAATC  307 
                  ||||||||||||||||| |||||||| |||||||||||||| |||||||||||||||||  
H. zea       1051 TTCACCCTGTTCTTGACGATATCATCAGACACTGTCTTCAGGTCGTAAGCCCAGCCAATT  992 
 
H. virescens  308 TTGGCAAAGAAGTTAATAAAAGTGGTAGTGAAGTTGAGTTTGTTGTTGCCCAGCTCAGCA  367 
                  || || |||||||||||||| ||||||||||||||||||||||||||||||||||||||| 
H. zea        991 TTAGCGAAGAAGTTAATAAAGGTGGTAGTGAAGTTGAGTTTGTTGTTGCCCAGCTCAGCA  932 
 
H. virescens  368 GTTTTGTAATCCCAGGGGAATGTGTGGTGGTAGTTGTGGAACCCTTCTCCGAGAGCGAAC  427 
                  |||||||| ||||| ||||| |||||||||||||||||||| |||||||||||||||||| 
H. zea        931 GTTTTGTAGTCCCAAGGGAAAGTGTGGTGGTAGTTGTGGAATCCTTCTCCGAGAGCGAAC  872 
 
H. virescens  428 ATAGCGACCGACAAGTTTTCCGAAGGCTTGATGCTTTTGTCGTAGGGTTTGTCTCCCCAC  487 
                  || ||||||||||||||||| |||||||| ||||||||||||||||| |||||||||||| 
H. zea        871 ATGGCGACCGACAAGTTTTCGGAAGGCTTAATGCTTTTGTCGTAGGGCTTGTCTCCCCAC  812 
 
H. virescens  488 TTGTGGGCGGCAGAGTTGACGAGCCACGTCACGTTTAGGATGAATGCGTAACGGAACATG  547 
                  ||||| |||||||||||||||||||||||||| ||||||||||| ||||| ||||||||| 
H. zea        811 TTGTGAGCGGCAGAGTTGACGAGCCACGTCACATTTAGGATGAACGCGTAGCGGAACATG  752 
 
H. virescens  548 GCCGCCACGAAGAACGCATTGGTCCAGGTTTCACCCCAGAAGTACACCGGAATCACGGTA  607 
                  |||||||| ||||| || ||||||||||||||||||||||||||||| |||||||||||| 
H. zea        751 GCCGCCACAAAGAATGCGTTGGTCCAGGTTTCACCCCAGAAGTACACAGGAATCACGGTA  692 
 
H. virescens  608 GGCATAACGAAGCAAGCCAAGGGCATCAGGATCAGATAGTAT  649 
                  ||||| ||||||||||||||||||||||||||||| |||||| 
H. zea        691 GGCATCACGAAGCAAGCCAAGGGCATCAGGATCAGGTAGTAT  650 
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Table 3. (Continued). 
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!9-PGD-HS-Forward 

Score = 89.7 bits (98),  Expect = 4e-14 

Identities = 57/62 (91%), Gaps = 0/62 (0%) 
 
H. subflexa  17 GGTAAGGGACTTGACATGAGCGACTTACTTGCTGATCCCATTCTCAGATTCCAGAAAAAG  76 
                || |||||||| ||||||||||||||||||||||| ||||||||||| |||||||||||  
H. zea      590 GGCAAGGGACTCGACATGAGCGACTTACTTGCTGACCCCATTCTCAGGTTCCAGAAAAAA  650 
 
H. subflexa  77 TA  78 
                || 
H. zea      651 TA  652 

 
!9-PGD-HS-Reverse 

Score =  560 bits (620),  Expect = 8e-156 
Identities = 433/508 (85%), Gaps = 10/508 (1%) 
 
H. subflexa  14 TAGGCTTCCAAGGTACTTCTAATGGTGGTTATTCTATATATTTAATAAGTCTATCTCAAA 73 
                || |||||  | ||| ||||||||   ||||||||||||   |||||||||||||||||| 
H. zea     1282 TATGCTTCACAAGTATTTCTAATGT--GTTATTCTATAT---TAATAAGTCTATCTCAAA 1228 
 
H. subflexa  74 TAGGATTAAAATCTTAAAACATCTATTAAATAAAAAGGTTGCGTGGCTCAACGTACCCGC 133 
                ||| ||||||||||  | | |||||||||||||||   |||||||||| ||| ||||| | 
H. zea     1227 -AG-ATTAAAATCTCTAGATATCTATTAAATAAAAT--TTGCGTGGCTAAACATACCCAC 1171 
 
H. subflexa 134 GTAGTCTGCAA-AGAGTTAATCGGCCTGAGGAGTGGTTCTGGGAGCGGCATCAATTTCTT 192 
                ||| |||||   | | ||||||| ||| |||| || |||||  ||||||||||||||||| 
H. zea     1170 GTAATCTGCGGTACAATTAATCGTCCTTAGGATTGATTCTGATAGCGGCATCAATTTCTT 1111 
 
H. subflexa 193 CTTTGGATTGATTTTCGTCCCCCCAGCCCCACAGGTGGTGGGAGCCATCACCAGTGCGCT 252 
                ||||||||||||||||||| |||||||||||||||||||||||||| ||||||||||||| 
H. zea     1110 CTTTGGATTGATTTTCGTCTCCCCAGCCCCACAGGTGGTGGGAGCCGTCACCAGTGCGCT 1051 
 
H. subflexa 253 TCACCCTGTTCTTGACGATATCATCGGACACTGTCTTCAGATCGTAAGCCCAGCCAATCT 312 
                ||||||||||||||||||||||||| |||||||||||||| ||||||||||||||||| | 
H. zea     1050 TCACCCTGTTCTTGACGATATCATCAGACACTGTCTTCAGGTCGTAAGCCCAGCCAATTT 991 
 
H. subflexa 313 TAGCAAAGAAGTTAATGAAGGTAGTAGTGAAGTTGAGTTTGTTGTTGCCCAATTCAGCAG 372 
                |||| ||||||||||| ||||| ||||||||||||||||||||||||||||  ||||||| 
H. zea      990 TAGCGAAGAAGTTAATAAAGGTGGTAGTGAAGTTGAGTTTGTTGTTGCCCAGCTCAGCAG 931 
 
H. subflexa 373 TTTTGTCATCCCAGGGGAATGTGTGGTGGTGGTTGTGGCACCCTTCTCCCAGAGCGAACG 432 
                ||||||  ||||| ||||| |||||||||| ||||||| | |||||||| |||||||||  
H. zea      930 TTTTGTAGTCCCAAGGGAAAGTGTGGTGGTAGTTGTGGAATCCTTCTCCGAGAGCGAACA 871 
 
H. subflexa 433 TCGCGACCGACGAGTTTTCCGAAGGCGTGAGGCTTCTGTCCGCGAGGTCTGTCTCCCCAC 492 
                | ||||||||| ||||||| |||||| | | |||| ||| ||   ||  ||||||||||| 
H. zea      870 TGGCGACCGACAAGTTTTCGGAAGGCTTAATGCTTTTGT-CGTAGGGCTTGTCTCCCCAC 812 
 
H. subflexa 493 CGGTGGGCGGTCGAGCTGACCCGCCCCG 520 
                  ||| ||||  ||| ||||  ||| || 
H. zea      811 TTGTGAGCGGCAGAGTTGACGAGCCACG 784 



 

 

  

 
 
 
 
 
 
 
 
 
Hv   1 ACTCGAGGCTTCTTCTTCGCCCACGTCGGCTGGTTGCTGGTCAGGAAACATCCTCAGATCAAGGCTAA 68 
       ||||||||||||||||| ||||||||||||||||| |||||||||||||||||||||||||||||||| 
Hs  11 ACTCGAGGCTTCTTCTTTGCCCACGTCGGCTGGTTACTGGTCAGGAAACATCCTCAGATCAAGGCTAA 78 
 
  
Hv  69 AGGACACACCATCGACTTGAGTGACCTGAAGAGCGACCCTATCCTGCGCTTCCAGAAGAAGTAAGTGG 136                       
       |||||||||||||||||||||||||||||||||||||||||| |||||||| |||||||||||||||| 
Hs  79 AGGACACACCATCGACTTGAGTGACCTGAAGAGCGACCCTATTCTGCGCTTTCAGAAGAAGTAAGTGG 146 
  
 
Hv 137 ATTCTAGACTTCTTTATTCGTGTAGACGGCTGACTTGGTTCATTTTTA 184 
       |||| ||||||      ||||||| |||| ||||| |||| ||||||| 
Hs 147 ATTCCAGACTT-----GTCGTGTAAACGGTTGACTAGGTTTATTTTTA 189 
 
 
 
 
 
Hv   5 GCAGAGTTCCCAGCCAGGTGACATTCAGCACGTACACGTAGCGGAAGATCGAGCACACGAAGTATGCG 72 
       ||||||||||||||| ||| |||||||||||||||||||||||||||||||||||||||||||||||| 
Hs   5 GCAGAGTTCCCAGCCGGGTAACATTCAGCACGTACACGTAGCGGAAGATCGAGCACACGAAGTATGCG 72 
 
  
Hv  73 TTCCACAGAGATTCTCCCCACAGGGTGGGGATGTAGCACGGCAGGACGAAGCAGACCAGAGGCATCAG 141 
       |||||||||||||| ||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Hs  73 TTCCACAGAGATTCGCCCCACAGGGTGGGGATGTAGCACGGCAGGACGAAGCAGACCAGAGGCATCAG 141 
 
  
Hv 142 GATCAGGTAGTGTCTGTAGAATAAGTATATTTAGTTTACTATGTGCTTATAAACAACAAGTCTTTCAG 209 
       ||||||||||||||||||||||||||||||||| ||||||||||| ||| ||||||||||||||||| 
Hs 142 GATCAGGTAGTGTCTGTAGAATAAGTATATTTATTTTACTATGTGATTACAAACAACAAGTCTTTCAA 209 
 
  
Hv 210 TTTATTCAATAGTTGCTGAAATCAAAGGC--AAATAATGCAGT------------------------- 250 
          |||||| ||    |||||||| || |  || ||||  ||| 
Hs 210 ACGATTCAACAG----TGAAATCAGAGACATAAGTAATATAGTTTTATTTTTCTATTATAGCCTCAAT 273 
 
  
Hv 251 ---TTTTTGAGACATCCC-GTGTATCCTAAACGGGATGTCTCAACCACAAAAGGAACAATATATTTCC 313 
          ||||||||||||||| |||||    |||  |||  |  || | |||||||||| ||||||||| | 
Hs 274 ATATTTTTGAGACATCCCAGTGTA---------GGA--TTACAGCTACAAAAGGAAAAATATATTTTC 330 
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Δ9‐FBD‐Forward 

 Δ9‐FBD‐Reverse 

Table 4. Sequencing results obtained for the fat body desaturase (Δ9‐FBD) gene 

segments, with the forward and reverse from each species aligned. 

 



 

 

Table 5. Alignment of the obtained sequence for the Δ9-FBD desaturase gene to the sequence 

obtained by Rosenfield et al. 2001 (Accession no. AF272345).  

 !9-FBD-HV-Forward 

Score =  219 bits (242),  Expect = 2e-53 
Identities = 127/131 (96%), Gaps = 0/131 (0%) 
 
H. virescens   1 ACTCGAGGCTTCTTCTTCGCCCACGTCGGCTGGTTGCTGGTCAGGAAACATCCTCAGATC  60 
                                         |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

H. zea                 527 ACTCGAGGCTTCTTCTTCGCCCACGTCGGCTGGTTGCTGGTCAGGAAACATCCTCAGATC  586 
 
H. virescens  61 AAGGCTAAAGGACACACCATCGACTTGAGTGACCTGAAGAGCGACCCTATCCTGCGCTTC  120 
                                         |||||||| ||||||||||||||||||||||| ||||||||||||||||| ||||||||| 

H. zea                 587 AAGGCTAAGGGACACACCATCGACTTGAGTGATCTGAAGAGCGACCCTATTCTGCGCTTC  646 
 
H. virescens 121 CAGAAGAAGTA  131 
                                         |||||||| || 

H. zea                 647 CAGAAGAAATA  657 
 

!9-FBD-HV-Reverse 

Score =  223 bits (246),  Expect = 1e-54 
Identities = 139/148 (93%), Gaps = 1/148 (0%) 
 
H. virescens   5 GCAGAGTTC-CCAGCCAGGTGACATTCAGCACGTACACGTAGCGGAAGATCGAGCACACG  63 
                                         || |||||| ||||||| || ||||||||||||||||||||||||||||||||||||||| 

H. zea                 804 GCGGAGTTCACCAGCCATGTCACATTCAGCACGTACACGTAGCGGAAGATCGAGCACACG  745 
 
H. virescens  64 AAGTATGCGTTCCACAGAGATTCTCCCCACAGGGTGGGGATGTAGCACGGCAGGACGAAG  123 
                                         ||||||||||||||||||||||| ||||||||||||||||||||||||||||||| |||| 

H. zea                 744 AAGTATGCGTTCCACAGAGATTCACCCCACAGGGTGGGGATGTAGCACGGCAGGATGAAG  685 
 
H. virescens 124 CAGACCAGAGGCATCAGGATCAGGTAGT  151 
                                         |||||||| ||||| |||| |||||||| 

H. zea                 684 CAGACCAGGGGCATTAGGAACAGGTAGT  657 
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Table 5. (Continued). 

 !9-FBD-HS-Forward 

Score =  215 bits (238),  Expect = 4e-52 
Identities = 130/137 (94%), Gaps = 0/137 (0%) 
 
H. subflexa     3 AAAGCGACTCGAGGCTTCTTCTTTGCCCACGTCGGCTGGTTACTGGTCAGGAAACATCCT  62 
                                           || |||||||||||||||||||| ||||||||||||||||| |||||||||||||||||| 

H. zea                   521 AATGCGACTCGAGGCTTCTTCTTCGCCCACGTCGGCTGGTTGCTGGTCAGGAAACATCCT  580 
 
H. subflexa    63 CAGATCAAGGCTAAAGGACACACCATCGACTTGAGTGACCTGAAGAGCGACCCTATTCTG  122 
                                           |||||||||||||| ||||||||||||||||||||||| ||||||||||||||||||||| 

H. zea                   581 CAGATCAAGGCTAAGGGACACACCATCGACTTGAGTGATCTGAAGAGCGACCCTATTCTG  640 
 
H. subflexa   123 CGCTTTCAGAAGAAGTA  139 
                                           ||||| |||||||| || 

H. zea                   641 CGCTTCCAGAAGAAATA  657 
 

!9-FBD-HS-Reverse 

Score =  219 bits (242),  Expect = 3e-53 
Identities = 138/148 (93%), Gaps = 1/148 (0%) 
 
H. subflexa     5 GCAGAGTTC-CCAGCCGGGTAACATTCAGCACGTACACGTAGCGGAAGATCGAGCACACG  63 
                                           || |||||| ||||||  || ||||||||||||||||||||||||||||||||||||||| 

H. zea                   804 GCGGAGTTCACCAGCCATGTCACATTCAGCACGTACACGTAGCGGAAGATCGAGCACACG  745 
 
H. subflexa    64 AAGTATGCGTTCCACAGAGATTCGCCCCACAGGGTGGGGATGTAGCACGGCAGGACGAAG  123 
                                           ||||||||||||||||||||||| ||||||||||||||||||||||||||||||| |||| 

H. zea                   744 AAGTATGCGTTCCACAGAGATTCACCCCACAGGGTGGGGATGTAGCACGGCAGGATGAAG  685 
 
H. subflexa   124 CAGACCAGAGGCATCAGGATCAGGTAGT  151 
                                           |||||||| ||||| |||| |||||||| 

H. zea                   684 CAGACCAGGGGCATTAGGAACAGGTAGT  657 
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Hv   1 AGTGACGATGTAAAACCCGTCCATTATAAAAGCGCAGTATTCCGAATATTGGGGTATACCACTCGCCG 68 
       |||||||||||||||||||||||||||||||||||||||||||||| | |||||||||  |||||||| 
Hs   1 AGTGACGATGTAAAACCCGTCCATTATAAAAGCGCAGTATTCCGAACAATGGGGTATAT-ACTCGCCG 67 
  
Hv  69 CGACCAAGTGGTTCTTGCACTGCAACTCCAAGTACATATATTGCTTCGTACCACTACACGGTCCGTAA 136 
       |||| |||||||| || |||| ||||||||||||| |  ||||||||||||||||| ||||||||||| 
Hs  68 CGAC-AAGTGGTTTTTCCACTACAACTCCAAGTAC-TGCATTGCTTCGTACCACTATACGGTCCGTAA 133 
  
Hv 137 CCTGGTCCAAAGAGGGGTCGTCATCTGCCCATAGTTACATCCATTCTGCTTTGTTTGTCGAGGTTACT 204 
       |||||||||||||||||||||||||||||||||||||||||||||| ||||||||||||| ||||||| 
Hs 134 CCTGGTCCAAAGAGGGGTCGTCATCTGCCCATAGTTACATCCATTCCGCTTTGTTTGTCGGGGTTACT 201 
  
Hv 205 TCCCATACCGCATGGACGTTCCTTTTGCCTCCAAAAATGTGTTAAAGACTTATATATACATAAACGCT 272 
       |||||||||||||||||||| ||||   ||| |||| 
Hs 202 TCCCATACCGCATGGACGTTTCTTTCTACTCTAAAAATGGGTTAAAGACATATAGGATCACGACACAC 269 
  
Hv 273 AC------------------------------------------------------------------ 274 
  
Hs 270 AAAACTAAAACCGTGTTTTAACCATTAAATTTTTTATTGGACCACTAAAAAGGTAAGGACCGCGATCT 337 
  
Hv 275 ----------------------------------------AGGTTTTTTTATAGATTATTTTTTATAA 302 
                                               |||||||||||||||||| |||  | | 
Hs 338 TCTATTGTCAAATTTTAACATGTTTAGTATTAGTCAATGTAGGTTTTTTTATAGATTAGTTTAGACAC 405 
  
Hv 303 ATCGTGTG----AATGAAAAAGACTTTGGCGTCGTGACCTAACAATATTTATAGTCTGTATAACTCAA 366 
       ||  | ||    ||||||||| ||||||||||||||||||||||| ||||||||||||||||| |||| 
Hs 406 ATTATATGGATGAATGAAAAAAACTTTGGCGTCGTGACCTAACAACATTTATAGTCTGTATAATTCAA 473 
  
Hv 367 GAGACGGTGCAAAAAACTGAAGACCCACAAAAGATTGCTCATCGGTAGGATGCACCCTTATTTTCTTG 434 
       || | ||||||||||||||||| || ||||| |||||||||||||||||||| ||||||||||||||| 
Hs 474 GAAAGGGTGCAAAAAACTGAAGTCCTACAAAGGATTGCTCATCGGTAGGATGTACCCTTATTTTCTTG 541 
  
Hv 435 GGAGCCGATCGTAATACTCCTAGTCGTAGTCATAGCGACATGAATACTACCTCTGCTACCAGGGAGTT 502 
       ||||||||||||||||| ||||||||||| || ||||||||||||||||||||||||||||||||||| 
Hs 542 GGAGCCGATCGTAATACCCCTAGTCGTAGACACAGCGACATGAATACTACCTCTGCTACCAGGGAGTT 609 

Table 6. Sequencing results obtained for the delta‐11 desaturase (Δ11‐PGD) 

gene segments with Hs and Hv shown aligned. 

  Δ11‐PGD‐Alignment 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Table 7. Alignment of the obtained sequence for the Δ11-PGD desaturase gene to the 

HassLPAQ sequence obtained by Jeong et al. 2003 (Accession no. AF482909).  

 

 

 

 

 

 

 

 

!11-PGD-HV 

Score =  286 bits (316),  Expect = 9e-74 
Identities = 196/217 (90%), Gaps = 3/217 (1%) 
 
H. virescens   285 GTACGCCATACCCTTCATTGGAGCTGTTTGTTTCGTCTTACCTACATTGATACCCGTCTA  344 
                                              ||||||||||||||||||||| ||||||||||||| ||| |||||| ||||||| || || 

H. assulta            653 GTACGCCATACCCTTCATTGGGGCTGTTTGTTTCGCCTTGCCTACAATGATACCTGTTTA  712 
 
H. virescens   345 CTGCTGGGGAGAAACCTGGTCCAATGCCTGGCACATCACCATGCTTCGTTATATACATGA  404 
                                              || |||||||||||||||||||||||||||||| |||||||||||||| || || ||||| 

H. assulta            713 CTTCTGGGGAGAAACCTGGTCCAATGCCTGGCATATCACCATGCTTCGCTACAT-CATGA  771 
 
H. virescens   405 ACCTCAACGTCACGTTCTTGGTGAACCAGCGCCGCTCACCATATGGGGTTATAAGCCTTA  464 
                                              |||| || ||||| || ||||| || ||||||||||||  ||||||||  |||||||||| 

H. assulta            772 ACCTTAATGTCACCTTTTTGGT-AAACAGCGCCGCTCA-TATATGGGGAAATAAGCCTTA  829 
 
H. virescens   465 TGACGCGAAAATATTACCTGCCCAAAATGTAGCAGTG  501 
                                              ||||||||||||||||||||||||||||||||||||| 

H. assulta            830 TGACGCGAAAATATTACCTGCCCAAAATGTAGCAGTG  866 
 
 

Score =  275 bits (304),  Expect = 2e-70 

Identities = 175/190 (92%), Gaps = 0/190 (0%) 
 
H. virescens     2 TGAGGGACCATCGTCTCCATCATAAGTACAGCGATACTGATGCTGATCCTCATAATGCTA  61 

                                              |||||||||||||||||||||||||||| |||||||| ||||||||||| || ||||||| 
H. assulta     466 TGAGGGACCATCGTCTCCATCATAAGTATAGCGATACAGATGCTGATCCCCACAATGCTA  525 

 
H. virescens    62 GCCGAGGGTTCTTTTATTCCCACGTAGGATGGCTACTCGTTAGAAAACACCCAGAAGTCA  121 

                                              |||||||||||||||||||||| || ||||||||||| || |||||||| |||||||||| 

H. assulta            526 GCCGAGGGTTCTTTTATTCCCATGTGGGATGGCTACTGGTGAGAAAACATCCAGAAGTCA  585 

 
H. virescens   122 AAAAACGTGGCAGAGAACTCAATATGTCTGATATTTATAACAATCCAGTGCTGCGGTTTC  181 

                                              |||| ||||| | |||||||||||||||||||||||| |||||||| || |||||||||| 

H. assulta            586 AAAAGCGTGGGAAAGAACTCAATATGTCTGATATTTACAACAATCCTGTTCTGCGGTTTC  645 

 
H. virescens   182 AGAAAAAGTA  191 

                                              |||||||||| 

H. assulta            646 AGAAAAAGTA  655 
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Table 7. (Continued). 

 

 

!11-PGD-HS 

Score =  327 bits (362),  Expect = 4e-86 
Identities = 201/214 (93%), Gaps = 0/214 (0%) 
 
H. subflexa  395 GTACGCCATACCCTTCATTGGGGCTGTTTGTTTCGCCTTACCTACATTGATACCCGTCTA  454 
                                         ||||||||||||||||||||||||||||||||||||||| |||||| ||||||| || || 

H. assulta      653 GTACGCCATACCCTTCATTGGGGCTGTTTGTTTCGCCTTGCCTACAATGATACCTGTTTA  712 
 
H. subflexa  455 CTGCTGGGGAGAAACCTGGTCCAATGCCTGGCATATCACCATGCTTCGTTACGTCATGAA  514 

                                         || ||||||||||||||||||||||||||||||||||||||||||||| ||| ||||||| 
H. assulta       713 CTTCTGGGGAGAAACCTGGTCCAATGCCTGGCATATCACCATGCTTCGCTACATCATGAA  772 

 
H. subflexa  515 CCTCAACATCACCTTTTTGGTGAACAGCGCCGCTCATATATGGGGTAACAAGCCTTATGA  574 
                                         ||| ||  ||||||||||||| ||||||||||||||||||||||| || ||||||||||| 

H. assulta       773 CCTTAATGTCACCTTTTTGGTAAACAGCGCCGCTCATATATGGGGAAATAAGCCTTATGA  832 
 
H. subflexa  575 CGCGAAAATATTACCTGCCCAAAATGTAGCAGTG  608 

                                         |||||||||||||||||||||||||||||||||| 
H. assulta      833 CGCGAAAATATTACCTGCCCAAAATGTAGCAGTG  866 

 
 

Score =  284 bits (314),  Expect = 4e-73 

Identities = 177/190 (93%), Gaps = 0/190 (0%) 
 
H. subflexa    2 TGAGGGACCATCGTCTCCATCATAAGTACAGCGACACAGATGCTGATCCCCATAATGCTA  61 

                                         |||||||||||||||||||||||||||| ||||| ||||||||||||||||| ||||||| 
H. assulta       466 TGAGGGACCATCGTCTCCATCATAAGTATAGCGATACAGATGCTGATCCCCACAATGCTA  525 

 
H. subflexa   62 GCCGAGGGTTCTTTTATTCCCATGTAGGATGGCTACTCGTTAGGAAACATCCTGAAGTCA  121 

                                         ||||||||||||||||||||||||| ||||||||||| || || |||||||| ||||||| 
H. assulta       526 GCCGAGGGTTCTTTTATTCCCATGTGGGATGGCTACTGGTGAGAAAACATCCAGAAGTCA  585 

 
H. subflexa  122 AAAAACGTGGGAAAGAACTTAATATGTCTGATATTTACAACAATCCAGTGCTGCGGTTTC  181 

                                         |||| |||||||||||||| |||||||||||||||||||||||||| || |||||||||| 

H. assulta       586 AAAAGCGTGGGAAAGAACTCAATATGTCTGATATTTACAACAATCCTGTTCTGCGGTTTC  645 
 

H. subflexa  182 AAAAAAAGTA  191 

                                        | |||||||| 
H. assulta      646 AGAAAAAGTA 655 
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Fig. 8. The gel samples above show the results of the three primer sets when used with a 

single Hs or Hv sample individually and when used with a mix of Hs and Hv. For all three 

samples, you can see that one sample is favored over the other when they are mixed. 

HS HV Hyb. HS HV Hyb. HS HV Hyb. 

!!"#$%& !!"'(%& !))"#$%&&
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Fig. 9. The image above shows results used for mapping the Δ9-PGD gene in the S direction. 

Lanes 1 and 26 contain the molecular weight standards, lane 2 an H20 control, lane 3 and 4 

contain wild type Hv and Hs samples respectively, lane 5 contains a mix of DNA from the 

samples used in 3 and 4, and lanes 6-25 contain the hybrid samples. If the band is marked 

with a 1 (below) then it was determined to be showing copies of the desaturase gene from 

both the Hs and Hv chromosome. If the row is unmarked, then one or both of the bands were 

too faint to be determined. 
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Fig. 10. The image above shows results used for mapping the Δ9-PGD gene in the V 

direction. Lanes 1 and 26 contain the molecular weight standards, lane 2 an H20 control, lane 

3 and 4 contain wild type Hv and Hs samples respectively, lane 5 contains a mix of DNA 

from the samples used in 3 and 4, and lanes 6-25 contain the hybrid samples. If the band is 

marked with a 1 (below) then it was determined to be showing copies of the desaturase gene 

from both the Hs and Hv chromosome. If the row is unmarked, then one or both of the bands 

were too faint to be determined. 
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Fig. 11. The image above shows results used for mapping the Δ9-FBD gene. Lanes 1 and 26 

contain the molecular weight standards, lane 2 an H20 control, lane 3 and 4 contain wild type 

Hs and Hv samples respectively, lane 5 contains a mix of DNA from the samples used in 3 

and 4, and lanes 6-25 contain the hybrid samples. If the band is marked with a 1 (below) then 

it was determined to be showing copies of the desaturase gene from both the Hs and Hv 

chromosome. If the row is unmarked, then one or both of the bands were too faint to be 

determined. Due to a loading error lanes 21 and 22 contain the same sample.
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Fig. 12. The image above shows results used for mapping the Δ11 desaturase gene (Δ11-

PGD). Lanes 1 and 26 contain the molecular weight standards, lane 2 an H20 control, lane 3 

and 4 contain wild type Hv and Hs samples respectively, lane 5 contains a mix of DNA from 

the samples used in 3 and 4, and lanes 6-25 contain the hybrid samples. If the band is marked 

with a 1 (below) then it was determined to be showing copies of the desaturase gene from 

both the Hs and Hv chromosome. If the row is unmarked, then one or both of the bands were 

too faint to determined.  
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