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ABSTRACT 

 Central to the process of speciation is understanding mate choice and its consequence, the 

evolution of reproductive isolation. The coordination of signal and response is essential to the 

evolution of divergent mating systems, but insights into the genetic processes that allow such 

coevolution to take place are limited. The two pheromone strains of the European corn borer 

(ECB) moth (Ostrinia nubilalis) allow for the study of a signal/response system, female 

production of pheromone, and male behavioral response. This study utilizes males collected from 

traps in New York State baited with either of the two pheromone blends and analyzes their 

genotypes at pgFAR, the gene responsible for divergent female pheromone production. ECB 

strains also differ in post-diapause development (PDD) time, which can contribute to temporal 

isolation in natural populations. Therefore, we also assay genotypes in a genomic region around 

Tpi associated with control of post-diapause development. Significant non-random associations 

are found between this region, pgFAR, and the type of trap in which a male was found. This 

study also assays field-collected females from New York, North Carolina, and Delaware for 

pheromone production, post-diapause development, and Tpi gene genealogies. Whereas 

populations in New York and North Carolina display the expected association between all three 

characters, the association between Tpi and pheromone production is disrupted in Delaware. 
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INTRODUCTION 

 The evolution of mate recognition systems is an important component of the process of 

speciation. Changes in mating signals and preferences can lead to reproductive isolation and 

divergence, but in order for such changes to take root in a population, signal and response must 

be coordinated (Butlin and Ritchie 1989). The most direct mechanism for such coevolution is 

genetic coupling, wherein signal and response remain associated due to physical linkage, or, in 

the extreme case of pleiotropy, because the same gene determines both. Evidence for such 

physical coupling is not abundant but has been found in strong genetic correlation between the 

male song variation and female preference of Laupala crickets, tight linkage of QTLs for wing 

pattern and male preference for wing pattern in Heliconius butterflies, and the effect of a single 

mutation on the production and discrimination of sex pheromones in Drosophila fruit flies 

(Wiley and Shaw 2010; Kronforst et al 2006; Marcillac et al. 2005). An alternative means by 

which signal and response genes can evolve in concert is through assortative mating, wherein a 

pair’s offspring inherit each parents’ respective trait and preference (Lande 1981; Kirkpatrick 

1982; Bakker and Pomiankowski 1995). However, such linkage disequilibrium between 

physically unlinked loci is susceptible to disruption if assortative mating is weak or episodic, as 

in traits influenced by environmental or seasonal variation (Qvarnström et al. 2006; Milner et al. 

2010). 

 The European corn borer (ECB) moth, Ostrinia nubilalis, is an organism well suited for 

investigation into the genetic basis of traits underlying assortative mating. The ECB of North 

America vary in at least three characters related to reproductive isolation: post-diapause 

development time (PDD), female pheromone production, and male behavioral response to 

pheromones. Variation in PDD causes ECB to emerge either earlier (short PDD) or later (long 
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PDD) in the spring (McLeod 1978; Reed et al. 1981; Glover et al. 1991, 1992; Dopman et al. 

2005). This genetic trait combines with environmental factors of climate and temperature to 

produce differences in voltinism. For example, in Upstate New York, short PDD results in earlier 

emergence in the spring, allowing for two generations per year to develop, whereas long PDD 

delays emergence such that these lineages have only one generation per year. Such differences in 

ECB voltinism can result in asynchronous breeding periods that contribute to reproductive 

isolation between variants (Dopman et al. 2009). 

Previous research has focused on variation in production of and response to pheromones 

in ECB; this variation can produce significant reproductive isolation between pheromone strains 

(Roelofs et al. 1987; Bontemps et al. 2004; Dopman et al. 2009). In North America, females 

produce a mixture of (E)- and (Z)-11-tetradecenyl acetate in a ratio of either 99:1 (E blend) or 

3:97 (Z blend). Flight tunnel studies using E and Z moths demonstrate strong male preference for 

pheromone type (Klun et al., 1973; Roelofs et al., 1987; Glover et al., 1990). Occasional cross-

attraction of E males to Z females has been found in the laboratory, and hybrids have been found 

at localities where the two strains occur together (Liebherr and Roelofs 1975; Klun and Huettel 

1988; Glover et al., 1991). While F1 hybrid females produce an intermediate 65:35 blend of 

pheromone, flight tunnel assays have shown that F1 hybrid males respond to a variety of 

intermediate blends (Klun and Maini 1979; Glover et al. 1990).  

Genetic studies of ECB have shown that PDD and pheromone production and response 

are each determined by a single genetic factor; male response and PDD have been mapped to 

separate locations on the sex chromosome (Z chromosome) while female pheromone production 

is autosomal (Roelofs et al., 1987; Dopman et al., 2004). Tpi, which codes for the enzyme triose 

phosphate isomerase, was originally observed through a survey of allozymes to show major 
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differences in allele frequencies between strains, and has since remained one of the few loci 

found to segregate by pheromone strain (Harrison and Vawter 1977; Cianchi et al. 1980; 

Pornkulwat et al. 1998; Marçon et al. 1999; Willet and Harrison 1999). Dopman et al. (2004) 

used a Z-strain x E-strain cross to map Tpi to the Z chromosome, along with the phenotypic traits 

of PDD and male response. However, while Tpi and PDD mapped together in a region of 

reduced recombination, the gene for male response mapped 26cM away. Gene genealogies based 

on Tpi sequences subsequently showed that the two pheromone strains were exclusive groups at 

this locus, although gene genealogies for other Z-linked loci did not show this pattern (Dopman 

et al. 2005). More recently, Lassance et al. (2010) made the key determination that variation in 

pgFAR, an autosomal gene for a pheromone gland specific fatty-acyl reductase, results in the 

difference in production between pheromone strains. In addition to being important in our 

understanding of the mechanisms of pheromone biosynthesis and the genetics of reproductive 

isolation, this discovery allows for the pheromone typing of ECB moths without the necessity of 

pheromone extraction and gas chromatography analysis. Instead, moths of either sex can be 

pheromone typed at any life cycle stage. This, the identification of pgFAR allows not just for the 

ability to type pheromone production alleles in female moths, but for the novel prospect of 

identifying this unexpressed trait in males as well. 

 This study combines the behavioral response of male flight into pheromone traps with the 

genetic inference of female pheromone production in the same individuals, providing a definitive 

measure of the association between signal and response. Assuming non-random association 

between loci and traits connected to mate choice and reproductive isolation, we expect to find 

that males found in traps baited with E (or Z) pheromone blend lures will be more likely to be 

homozygous for the E (or Z) allele at pgFAR. Moreover, to the extent that the two strains differ 
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consistently in both pheromone communication and voltinism, we expect to see significant 

linkage disequilibrium between pgFAR and Tpi, physically unlinked genes on separate 

chromosomes. Further, this study tests the ubiquity of the coordination between female 

pheromone production, PDD, and the Tpi region across populations in New York, Delaware, and 

North Carolina. Thus, this study presents a novel deployment of genetic assays for traits involved 

in reproductive isolation in natural populations that experience different environmental regimes.  
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METHODS 

Insect populations 

DNA from a test panel of 9 E and 19 Z pheromone-producing females from laboratory 

populations maintained by Wendell Roelofs and colleagues in Geneva, NY was used to test and 

develop the genetic assays described below. These pure strain populations were established from 

bivoltine E and univoltine Z ECB first caught in New York in May 1996 and April 1994, 

respectively, and raised under conditions described in Roelofs (1985). 

Male ECB were collected from pheromone traps placed in areas immediately adjacent to 

cornfields and baited with a lure of either a 99:1 (E) or a 3:97 (Z) blend of E/Z Δ11-tetradecenyl 

acetate. Traps were monitored weekly by the Sweet Corn Pheromone Trap Network, coordinated 

by Abby Seaman, at locations near Oaks Corners, NY, Bellona, NY, and Owego, NY through 

June, July, and August of 2007 (Table 1). Bodies were stored at -80°C until DNA was extracted 

from thorax tissue using the DNeasy tissue kit (Qiagen, Valencia, California). The 

preponderance of bodies collected were in good condition, and of those insects, a random 

sampling of 216 males caught throughout the summer were used, including 45 found in E baited 

traps and 51 in Z baited traps from Oaks Corners, 39 from each trap type from Bellona, and 18 E 

and 24 Z trapped in Owego.  
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City/Town State Date Year Method Latitude Longitute 
Oaks Corners NY Jun, Jul, Aug 2007 pheromone trap  42°55'37.59"N  77° 0'47.51"W 
Bellona NY Jun, Jul, Aug 2007 pheromone trap  42°45'54.01"N 77° 1'8.68"W 
Owego NY Jun, Jul, Aug 2007 pheromone trap  42° 6'40.32"N 76°20'44.47"W 
Geneva NY 2-May 2007 stalk collected  42°53'22.21"N  77° 0'47.15"W 
Penn Yan NY 5-May 2008 stalk collected  42°40'53.61"N  77° 1'34.71"W 
Farmington NY 30-Apr 2009 stalk collected  42°59'8.35"N  77°19'19.21"W 
Newark DE 29, 31-Dec 2008 stalk collected  39°40'1.22"N  75°44'45.14"W 
Laurel DE 22-Mar 2008 stalk collected  38°32'4.60"N  75°35'50.21"W 
Newark DE 3-Apr 2009 stalk collected  39°40'1.22"N  75°44'45.14"W 
Laurel DE 30-Mar, 2-Apr 2009 stalk collected  38°31'30.02"N  75°41'12.93"W 
Clayton NC 12-Aug 2010 stalk collected  35°40'13.30"N  78°29'52.80"W 

 
Table 1: Collections of European Corn Borers used for this study. Males were obtained through 
pheromone trapping in New York, and females were obtained from searches of corn stubble in 
the winter or spring in New York and Delaware, and summer grown corn stalks in North 
Carolina. The year listed refers to the year of adult emergence for each population. 
 

Female ECB were collected in New York and Delaware as overwintering larvae from 

corn stubble. Collections in New York were made from a cornfield near Geneva on May 2, 2007, 

near Penn Yan on May 5, 2008, and near Farmington on April 30, 2009 (Table 1). In each case, 

larvae were subsequently kept separately in a controlled growth chamber at 25°C in a 16h:8h 

light:dark photoperiod and monitored for pupation and adult emergence. Bodies of pheromone-

typed ECB from Delaware were generously provided by Charles Mason of the University of 

Delaware (Table 1). These individuals were collected from fields near Newark on December 29 

and 31, 2007 and near Laurel on March 22, 2008. After collection, larvae were kept in the 

Beneficial Insects Introduction Research Laboratory outdoor insectary near Newark until March 

31, 2008, when they were transferred to a growth chamber. This chamber had a photoperiod of 

15h:9h light:dark and was set at 18°C for the first 24 days, then 20°C for the following 17 days, 

and finally 22°C for the remainder of insect emergence. Delaware populations were sampled 

again the following spring, near Laurel on March 30, 2009 and April 2, 2009, and near Newark 

on April 3, 2009. These larvae were all placed in incubators with a 16:8 light:dark photoperiod. 
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The first Laurel collection was kept at 20°C for 9 days, then at 25°C until the last emergence. 

The other two collections were maintained at 25°C for the duration of the experiment. All 

populations were checked daily for adult emergence, at which point individuals were considered 

0 days old. One-day old adult females were placed in an extended scotophase for 24 hours to 

increase pheromone production. The pheromone gland of two-day old females was exposed and 

dissected, then placed in a drop of HPLC-grade hexane (Sigma) for 1-2 hours before being 

discarded. Female bodies and pheromone extract were then stored at -80°C. DNA was 

subsequently extracted from thoracic tissue using the DNeasy Tissue Kit (Qiagen, Valencia, 

California). 

Female ECB were also provided by Mark Abney of North Carolina State University, 

collected from infested corn stalks near Clayton, NC in August 2010 (Table 1). These individuals 

were collected as larvae and pupae and express shipped to Ithaca, NY, where they were 

monitored for eclosion, pheromone typed, and DNA extracted in the same manner and 

conditions as the New York collections described above. 

 

Pheromone identification 

 Pheromone extracts of New York and North Carolina female ECB were analyzed by gas 

chromatography as described in Dopman (2004) with the assistance of Paul Robbins and Rayko 

Halitschke. Charles Mason performed pheromone extract analysis on Delaware ECB as 

described in Marçon et al. (1999). 
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Standardization of post-diapause development time 

 In order to standardize the measurement of post-diapause development time for 

overwintering females collected from different locations across several seasons and kept under 

different rearing conditions, cumulative degree-days were calculated according to the rectangle 

method described on the University of Illinois Integrated Pest Management website 

(http://ipm.illinois.edu/degreedays/calculation.html). Historical weather data were retrieved from 

wunderground.com for each location to establish degree-days accumulated for the year 

beginning on January 1 up until their collection, or in the case of those collected from Delaware 

in December 2007, beginning the following January 1 up until their movement from an outdoor 

insectary to a controlled growth chamber. This calculation serves to represent the accumulation 

of heat for the developing larvae by approximating the duration and intensity of temperatures 

above 10°C, the ECB threshold for development. Each day for which the maximum temperature 

failed to reached 10°C was scored 0. If the maximum temperature reached 10°C, but the 

minimum temperature did not, then 10 was subtracted from the maximum temperature and the 

remainder was divided by 2, the result of which was that date’s contribution to degree-days. If 

the minimum temperature reached or exceeded 10°C, then the amount by which the day’s mean 

temperature exceeded 10°C was that date’s degree-days contribution. Degree-days for time spent 

in a growth chamber accumulated as simply that chamber’s set temperature minus 10°C. 

 

Genetic analyses 

PCR amplification was carried out for two loci: pgFAR, located on an autosome, and Tpi, 

located on the Z sex chromosome. Genotyping at pgFAR in both males and females was based 

on an insertion-deletion polymorphism identified by Lassance et al. (2010), such that individuals 
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could be identified as homozygotes (for either allele) or heterozygotes. Tpi was sequenced in 

females, which are hemizygous for the Z chromosome. In males, we took advantage of a 

diagnostic SNP in a second gene encoding a FAR (here referred to as tpiFAR), a gene known to 

be immediately adjacent to the Tpi gene based on BAC sequencing in ECB. We use this 

diagnostic SNP as a proxy for Tpi allelic identity or difference.  

 

Assay of pgFAR genotype: Genotyping primers “pgFAR_Exon7_F” and “pgFAR_Exon8_R” are 

described in Lassance et al. (2010); these primers amplify an intron sequence within pgFAR to 

yield a product about 70bp shorter in E than in Z producing females. These primers were used 

under a touchdown PCR profile of 2 min at 94°C, then 7 cycles of 94°C for 50 sec, annealing for 

1 min at 62°C initially, decreasing 1°C each cycle, and 72°C for 1.5 min, followed by 28 cycles 

of 94°C for 50 sec, 55°C for 1 min, and 72°C for 1.5 min, with a final extension period of 5 min 

at 72°C. Product length was analyzed by agarose-gel electrophoresis. Testing of this assay on a 

panel of females of known pheromone type shows that the PCR yields 2-3 different sized bands 

between 837bp and 881bp in our Z moths, but the single 770bp band produced from E moths is 

shorter than all Z bands (Figure 1). PCR products were treated with a mixture of exonuclease I 

and shrimp alkaline phosphatase, sequenced in both directions using BigDye terminator kit 

version 1.1 (Applied Biosystems), and run on an ABI PRISM 3130x1 genetic analyzer to 

identify the source of this variation and confirm the consistency of product length as an identifier 

of pgFAR allele identity. This diagnostic PCR was run on both trapped male and stalk-collected 

female samples, and individuals were scored E if only the smallest band was amplified, Z if one 

or two bands larger than the E band was amplified, and hybrid if both the smallest band and one 

of the larger bands were amplified. 
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Figure 1: Variation in the genotyping PCR of the pgFAR intron observed in sequences from E 
and Z producing moths. The line represents an aligned longest possible sequence of 922bp. Each 
triangle represents an insertion of the given number of bases found in either Z moths (placed 
above the line), or E moths (placed below the line). The Z moths had four insertions that were 
not consistently found in all individuals, such as the leftmost insertion, which was either 20 or 
24bp in length. Note that the rightmost insertion of 67 was found in all Z moths but no E moths, 
and accounts for the consistently larger size of all Z variants. 
 

Assay of Tpi region: A ~1.2Kb portion of the complete Tpi sequence described in Dopman et al. 

(2005) was amplified using primers “ECB_EZ_Alu_Hpy_for” (5’-

TGTGTATTGAGATTGTGTATAGGTAG) and “ECB_EZ_Alu_Hpy_rev” (5’-

CCGCATGATACTTGAGATCTTACAGC).  Touchdown PCR conditions began with 2 min at 

94°C, then 8 cycles of 50 sec at 94°C, 1 min annealing at 62°C minus 1°C each cycle, and 1 min 

at 72°C, followed by 27 cycles of 50 sec at 94°C, 1 min at 54°C, and 1 min at 72°C, with a final 

extension period of 72°C for 5 min. PCR products were treated with a mixture of exonuclease I 

and shrimp alkaline phosphatase, sequenced in both directions using BigDye terminator kit 

version 1.1 (Applied Biosystems), and run on an ABI PRISM 3130x1 genetic analyzer. 

Sequences, including two from female Asian corn borer (ACB) individuals to be used as 

outgroups, were aligned in CodonCode Aligner. Multiple base indels were edited to a single base 

difference in order to decrease their weight.  

Z pheromone associated variants

E pheromone associated variants

20/24

1

1

0/1

2 5

0/13

3 8

22

0/26 15
5

67
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Phylogenetic analysis was carried out through the construction of genealogical trees 

using SeaView v4.3.4 default parameters for PhyML maximum-likelihood phylogenetic tree 

reconstruction under a GTR model (Gouy et al. 2010). This method was used on stalk-collected 

females in order to group individuals into clades according to Tpi haplotype genealogy. 

While phylogenetic analysis of the single Tpi allele in a female is straightforward, we 

needed to design a different approach to assay both copies of Tpi in males. A SNP in Tpi 

diagnosable through differential restriction enzyme digestion would provide a clear method to 

identify both alleles if the difference is fixed between strains. However, no such sites were found 

to be fixed between strains in our test panel; the pattern of difference in Tpi was distinguishable 

across the entire sequence through phylogenetic analysis, but any individual site would give only 

a probabilistic verdict. A proxy for Tpi with such a diagnostic SNP was discovered in an attempt 

to identify ECB genes impacting pheromone production. The Bombyx mori sequence of a fatty-

acyl reductase gene was used to design degenerate primers, from which an amplified Z 

chromosome linked sequence ~4kb away from Tpi, referred to as tpiFAR, was used to design 

ECB specific primers. BAC sequencing localized this gene adjacent to Tpi on the ECB sex 

chromosome as well. Sequencing of this product in the female test panel revealed a SNP fixed as 

an A in all E moths and G in all Z moths. The SNP is in a BsrI (NEB) restriction enzyme binding 

site, and the enzyme cuts only the G variant. Primers flanking this region “FAR_G_581F” 

(TTGAATGAAAAGGTATGCT) and “FAR_G_787REV” (CTAGGGCTATCCAAATCA) 

were used under a thermal cycling profile of 2 min at 94°C, 35 cycles of 94°C for 50 sec, 60°C 

for 1 min, and 72°C for 1 min, and a final 5 min at 72°C to amplify a fragment of ~600bp. This 

product was then digested with BsrI according to manufacturer’s conditions, resulting in either 

an uncut ~600bp band in E females (noted as the tpiFAR A allele) or a largest band of ~500bp in 
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Z females (noted as the tpiFAR B allele) from our test panel. Trapped male DNA was amplified, 

digested, and run on agarose-gel electrophoresis in this manner in order to provide a proxy for 

Tpi identity. 

 

Analysis of linkage disequilibrium: Linkage disequilibrium values between genotypes were 

calculated via the default EM maximum likelihood methods in Haploview v.4.2 (Barrett et al. 

2005).  
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RESULTS 

pgFAR and tpiFAR in Trapped Males 

 Assaying for pgFAR via PCR product length and for tpiFAR via restriction enzyme 

sensitive SNP was successful for 216 male moths caught in New York pheromone traps (Table 

2). The results are broadly consistent across all sampled locations, and in large part concordant 

with expectations based on male behavior in response to the trap pheromone, assuming the 

positive assortment of female production and male response. 87.1% of those males typed as 

homozygous E at pgFAR, and 88.7% of those homozygous Z, were found in pheromone traps of 

the corresponding blend. Similarly, 90.5% of those typed with homozygous A bands at tpiFAR 

were collected from E baited traps, and 98.8% of those typed as homozygous B were found in Z 

traps. Seen in combination, a heterozygote for one locus is not more likely to be heterozygous at 

the other (only 5 individuals were heterozygous at both loci), and the percentage of “perfect 

matches” decreases to where only 63% of males found in E traps and 65% in Z traps were 

homozygous matches for both loci. As such, it appears that both pgFAR and tpiFAR 

independently have a stronger non-random association with male response than they do with 

each other. 
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Trap pgFAR tpiFAR Oak Bell Owe Total f Oak f Bell f Owe f Total 

    AA 24 30 10 64 0.53 0.77 0.56 0.63 
  E AB 6 1 3 10 0.13 0.03 0.17 0.10 
    BB 0 0 0 0 0 0 0 0 
    AA 8 6 0 14 0.18 0.15 0 0.14 
E H AB 1 0 0 1 0.02 0 0 0.01 
    BB 0 1 0 1 0 0.03 0 0.01 
    AA 6 1 1 8 0.13 0.03 0.06 0.08 
  Z AB 0 0 4 4 0 0 0.22 0.04 
    BB 0 0 0 0 0 0 0 0 
    AA 0 4 0 4 0 0.10 0 0.04 
  E AB 2 1 0 3 0.04 0.03 0 0.03 
    BB 1 3 0 4 0.02 0.08 0 0.04 
    AA 0 0 1 1 0 0 0.04 0.01 
Z H AB 3 1 0 4 0.06 0.03 0 0.04 
    BB 2 1 1 4 0.04 0.03 0.04 0.04 
    AA 0 4 0 4 0 0.10 0 0.04 
  Z AB 5 10 1 16 0.10 0.26 0.04 0.14 
    BB 38 15 21 74 0.75 0.38 0.88 0.65 

 
Table 2: Number and frequency of trapped male genotypes for pgFAR and tpiFAR from Oaks 
Corners, NY (Oak), Bellona, NY (Bell), Owego, NY (Owe), and all locations (Total). 
Frequencies shown are that of each genotype in a given trap type and location. Results are 
broadly consistent across each New York location. Genotypes do not perfectly match the 
expectations for every individual found in either trap type, but are generally predictive of in 
which trap a given male would be found.  
 

Both types of traps collected males of all three possible genotypes for each locus, 

including a low but significant level of heterozygotes, but trap catches were dominated by 

individuals homozygous for the alleles that match the trap (Figure 2). At pgFAR, 15.7% of E-

trapped males were heterozygous, as were 7.9% of those in Z traps. At tpiFAR, the rates were 

14.7% in E traps and 20.2% in Z traps. In E traps, 72.5% were homozygous for the expected E 

allele at pgFAR, and 84.3% for the expected E allele at tpiFAR. In Z traps, 82.5% were 

homozygous for the expected Z allele at pgFAR, and 71.9% for the expected Z allele at tpiFAR. 

This leaves homozygous mismatches at rates of 11.8% for pgFAR in E traps, 1% for tpiFAR in Z 

traps, 9.6% for pgFAR in E traps, and 7.9% for tpiFAR in E traps.  
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Figure 2: Frequency of genotypes at pgFAR and tpiFAR in trapped males from all locations. The 
key refers to the expected genotypes for Z or E strain moths. “Homozygous Z” alternately 
denotes sole presence of the long band in pgFAR, or G at the BsrI cut SNP of tpiFAR. 
“Homozygous E” alternately denotes the short band, or A, respectively. The left two columns are 
individuals found in E baited traps, with Z traps on the right. There is a low but significant level 
(8-20%) of heterozygotes at either locus found in both trap types, and between 1 and 12% in 
each trap type is homozygous for the unexpected allele. Between 72% and 84% in a given trap 
were of the expected homozygous genotype. 
 

 Calculations of linkage disequilibrium between pgFAR and tpiFAR were carried out 

using each location separately as well as on the total New York male population (Table 3). D’ 

values for separate locations were consistent (0.659 in Bellona, 0.704 in Oaks Corners, and 0.769 

in Owego) within each other’s 95% confidence intervals, demonstrating that there was not 

significant variation between sampling locations (Figure 3). Owego had a statistically significant 

LOD score of 9.28, and Bellona and Oaks Corners had even higher LOD scores of 9.82 and 

16.13 respectively. Pooled as a single NY population, D’ was 0.715, with a LOD score of 37.34. 
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These values for D’ are very high, showing distinctly strong linkage disequilibrium between 

physically unlinked loci. 

 
Loci Location D' LOD r2 D’ CI low D’ CI high 
pgFAR / tpiFAR Total 0.715 37.34 0.376 0.63 0.79 
  Oaks Corners 0.704 16.13 0.377 0.58 0.80 
  Bellona 0.659 9.82 0.282 0.50 0.78 
  Owego 0.769 9.28 0.481 0.58 0.89 

Table 3: Linkage disequilibrium values between pgFAR and tpiFAR, calculated for all males, as 
well as for each location separately. D’ for all locations is very high for loci on different 
chromosomes, with significant LOD scores. 
 

 
Figure 3: D’ between pgFAR and tpiFAR for all males, as well as for each location separately. 
Error bars indicate 95% confidence intervals. D’ is very high between these two unlinked loci, a 
finding consistent across all sampled New York populations. 
 

Pheromone production, Tpi, and PDD in field-collected females 

 Of those field-collected female ECB whose pheromone production was determined to be 

either the E blend or the Z blend by gas chromatography of pheromone gland extract, pheromone 
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production phenotype was confirmed by homozygosity for the appropriate pgFAR allele. Of 

these individuals, 183 were successfully sequenced for Tpi. A phylogeny based on these 

sequences reveals 7 individuals basal to two sister clades containing the remainder. These clades, 

hereafter referred to as clade A and B, have a consistent composition when the sequences are 

analyzed by individual geographic population. Of the 44 New York females, 14 were E and 30 

were Z pheromone blend producers as confirmed both by pheromone gland analysis and pgFAR 

PCR product length assay. In the resulting gene genealogy (Figure 4), the sequences from E 

moths form a single clade (clade A), as do most of the sequences from Z moths (clade B). One Z 

individual is contained in the ECB clade compared to two ACB outgroup sequences, but is basal 

to clades A and B. Such a pattern of exclusivity by pheromone strain has previously been 

reported in Tpi gene genealogies, based on sequences from moths from New York and North 

Carolina (Dopman 2005).  

 

   
 
Figure 4: Tpi genealogy for New York females, with clade A on the left exclusively consisting of 
E individuals, and clade B on the right exclusively Z. This pattern of exclusivity is consistent 
with findings from previous studies, and is not found among other loci across the ECB sex 
chromosome (Dopman 2005). 
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Confirming previous findings, a similar genealogical pattern for Tpi is found in the 38 

female moths from North Carolina, of which 5 were determined to produce the Z pheromone 

blend, the remainder being E type (Figure 5). This population contains two E producing females 

whose Tpi sequence fall basal to the same sister clades of all E or Z producing individuals. 

Populations in North Carolina are all multivoltine, and this collection was made from a single 

field in August, of a later generation before pupation and flight. As such, it was a mixture of E 

and Z pheromone strain moths that were certainly overlapping in breeding periods. Nevertheless, 

the same exclusivity of Tpi genealogies is observed. 

 

 
 
Figure 5: Tpi genealogy for North Carolina females with clade A on the left exclusively 
consisting of E individuals, and clade B on the right exclusively Z. Although this population 
consisted of all multivoltine strains and a higher percentage of E individuals, the pattern of 
exclusivity found in New York is repeated in North Carolina. 
 

The populations of 95 Delaware females collected in 2008, and 100 Delaware females 

collected in 2009, however, display a different relationship between pheromone production and 

Tpi sequence (Figures 6, 7). In the 2008 population, clade A includes 7 females confirmed to 

produce E pheromone blends, as well as from 15 Z pheromone producers. In the 2009 population, 

clade A is made up of 8 E and 15 Z producing females. 8E, 62 Z Clade B contains sequences 
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from 8 E and 62 Z individuals in 2008, and 5 E and 70 Z individuals in 2009. The tight 

association between female pheromone production and Tpi sequence phylogeny seen in both 

New York and North Carolina does not persist in Delaware. Instead, clade A is only 32% or 35% 

E strain, and clade B is 89% or 93% Z strain in 2008 and 2009, respectively. The mechanism 

causing a non-random association between autosomal pgFAR pheromone production and the Tpi 

region on the sex chromosome is not effective or has broken down in Delaware ECB populations. 

This finding is consistent across two years of intensive sampling at two locations 125km apart. 

 

 

 
 
Figure 6: Tpi genealogy for Delaware 2008 ECB with clade A on the left, and clade B on the 
right, each consisting of both E and Z producing females. The previously consistent pattern of 
genealogical exclusivity between E and Z strains at the Tpi locus breaks down in Delaware. 
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Figure 7: Tpi genealogy for Delaware 2009 ECB with clade A on the left, and clade B on the 
right, each consisting of both E and Z producing females. The breakdown of exclusivity between 
E and Z strains at the Tpi locus is consistent across successive years of collections. 
 
 

 For overwintering field-collected females successfully typed for pheromone production 

and Tpi sequence, we also estimated the number of degree-days until adult emergence, which we 

use as a measure of post-diapause development time. In the New York collections, those females 

with Tpi sequence in clade A emerged earlier than females with Tpi sequence in clade B, 

forming a short-PDD group averaging 279 degree-days to eclosion with little emergence overlap 

with the long-PDD group averaging 757 degree-days to eclosion (Figure 8). The bimodality in 

eclosion times is consistent with the expectation that the populations sampled consisted of the 

early-eclosing bivoltine E strain and the late-eclosing univoltine Z strain (including the single 

long-PDD basal individual who produced the Z pheromone blend).  
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Figure 8: Adult emergence times of New York (Geneva 2007, Penn Yan 2008, Farmington 2009) 
females in standardized degree-days. Those ECB whose Tpi sequence genealogy fell in clade A 
form an earlier-eclosing group with little overlap. 
 

In both years of Delaware collections, the correspondence between emergence time and 

clade in the Tpi genealogy is similar to that observed in New York (Figures 9, 10). Those 

females with Tpi sequence in clade A had shorter PDD times than females with Tpi sequence in 

clade B. The two groups overlap more in Delaware than they do in New York, and the 

emergence times are more tightly distributed as a whole. However, each group can be seen to 

form separate clusters, with mean clade A eclosion at 355 degree-days versus clade B at 524 

degree-days in 2008, and mean clade A eclosion at 376 degree-days versus clade B at 569 

degree-days in 2009. These data point to the presence of both short and long PDD alleles in 

Delaware populations. However, given a longer growing season in Delaware, expression of 

either PDD allele may lead to the bivoltine life cycle that is observed in that state (Coates et al. 

2004). Critically, the association seen in these populations between Tpi sequence genealogy and 

emergence time does not extend to pheromone production, as Tpi haplotype is not associated 

with pheromone production in Delaware. Nevertheless, the non-random association between Tpi 

and PDD is maintained. 
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Figure 9: Adult emergence times of Delaware 2008 females in standardized degree-days. The 
pattern seen in New York ECB is found in Delaware moths as well, with slightly more overlap 
between early eclosing and later eclosing individuals based on their Tpi sequence genealogy. 
 

 
 
Figure 10: Adult emergence times of Delaware 2009 females in standardized degree-days. 
Repeating the pattern seen in 2008 moths, those individuals whose Tpi sequence genealogy fell 
in clade A are more likely to emerge earlier than the corresponding clade B group.   
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DISCUSSION 

This research demonstrates that simple genetic markers within the pgFAR and tpiFAR 

loci, developed based on female pheromone production, can be used to predict the male behavior 

of preferential attraction to E or Z pheromone blends across upstate New York. It also serves to 

broadly confirm the accuracy of monitoring different strains through pheromone trap counts. 

This practice is commonly used to track infestation of corn, potato, and pepper crops through 

North America, and to coordinate appropriate control measures. Complete concordance between 

trap phenotype and any genetic markers is not to be expected, because males make “mistakes” in 

response. Furthermore, hybrids, which show male flight response to intermediate blends, have 

been found in natural areas of sympatry for the two strains, and hybridization may cloud the 

association between genetic markers and trap phenotype. 

More significantly, the results from pheromone-trapped males demonstrate the non-

random association between alleles found at the gene responsible for female production, the 

behavioral trait of male response, and the alleles in the Tpi region. The non-random association 

between signal and response must reflect the presence of positive assortative mating. In the 

absence of positive assortment and in the face of potential gene flow, the loci responsible for 

production and response, which are known to be on different chromosomes, would not be in 

linkage disequilibrium. Moreover, not only is pgFAR highly correlated with male trap behavior, 

it also shows high values of linkage disequilibrium with the Tpi region, located 26cM away from 

the locus for male response. The Tpi region and Pdd, the genetic component of voltinism, appear 

to be physically linked and seem to fall within a chromosome region that could exhibit a fixed 

inversion difference between the E and Z strains in New York (Dopman et al. 2004, 2005). This 

can explain the persistence of a non-random association between the Tpi region and Pdd, which 
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is further associated with pheromone strain in New York. The high values of D’ reported here 

between tpiFAR and pgFAR appear to be a consequence of this web of loci contributing to or 

associated with traits causing assortative mating. These data provide a rare and powerful insight 

into a system of reproductive choice through signal and response observed in the field, as we can 

assess the consistency of both sides of the dialogue in a single individual.  

In contrast to the linkage disequilibrium observed between loci on different chromosomes, 

the coordination between Tpi and PDD may be expected given their physical linkage on the sex 

chromosome. Indeed, this pattern persists throughout New York, North Carolina, and Delaware. 

However, the data from Delaware females, wherein correlation between Tpi and female 

pheromone production is disrupted, further complicate this story. The milder climate in Delaware 

as opposed to New York allows for both short and long PDD individuals to produce two 

generations per year, thereby increasing the overlapping of breeding periods and lessening the 

impact of PDD on reproductive isolation. Indeed, the proportion of females producing a hybrid 

blend of pheromone found by our study in Delaware (13.9%) is greater than that found in upstate 

New York (8.7%) as reported by Glover et al. (1991), which may reflect a greater degree of 

interbreeding and introgression between strains, leading to a breakdown in genealogical 

exclusivity. However, the North Carolina ECB are multivoltine, and females of both pheromone 

types were collected as developing late summer larvae from the same field at the same time, 

indicating their overlapping development. The data from North Carolina females, which 

recapitulate the pattern seen in New York, demonstrate that simply increasing the number of 

generations per year with a more southern population does not necessarily serve to disrupt the 

non-random association between Tpi and pheromone production.  
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The ECB continues to present a unique and valuable natural system for the study mate 

choice, hybridization, and speciation. We have presented a novel method of measuring the 

association of mate choice factors, and illustrated a striking exception to previous findings of 

genomic exclusivity using populations from Delaware. Further investigations into the 

coordination between female production and male response in Delaware would shed light into 

the nature of this intriguing situation. 
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