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Abstract The pecan nut casebearer, Acrobasis nuxvorella Nuenzig (Lepidoptera: Pyralidae), is the most dam-
aging insect pest of pecan, Carya illinoinensis (Wang) K. Koch (Juglandaceae), in the USA and Mex-
ico. A pheromone monitoring program for A. nuxvorella has been developed to assist pecan
growers in the timing of insecticide applications. The discovery that there are two pheromone types
produced by A. nuxvorella has led to complications in the implementation of pheromone monitor-
ing programs. One pheromone (referred to as standard) is attractive to moths in the southern USA,
but not in Mexico. The other pheromone (referred to as Mexican) is attractive to moths in the
southern USA and in Mexico. Because most male lepidopterans respond only to a specific phero-
mone, it was suspected that there were two pheromone strains of A. nuxvorella, one exclusively pres-
ent in the northern distribution of A. nuxvorella (USA strain) and the other widely distributed from
Sonora, Chihuahua, and Durango in northern Mexico to Texas, Georgia, and Oklahoma in the
USA (Mexican strain). The goal of this research was to determine whether differences in pheromone
response are sufficient to genetically isolate A. nuxvorella into pheromone strains. To confirm the
existence of the two alleged pheromone strains, amplified fragment length polymorphism (AFLP)
markers were obtained and analyzed. Four primer combinations were used to obtain a total of 483
polymorphic AFLP markers. Our results indicated that the standard and Mexican pheromones did
not group A. nuxvorella into pheromone strains. However, three genetically distinct populations of
A. nuxvorella were identified. Two of those three populations are sympatric throughout the south-
ern USA and one is allopatric relative to the other two and occurs exclusively in pecan growing
regions of Mexico.

Introduction

The pecan nut casebearer, Acrobasis nuxvorella Nuenzig
(Lepidoptera: Pyralidae), is the most damaging pest of
pecan, Carya illinoinensis (Wang) K. Koch (Juglandaceae),
in the southern USA and Mexico (Harris et al., 1998).
Damage to pecans is a result of A. nuxvorella larvae bur-
rowing into and feeding on pecan nutlets.Acrobasis nuxvo-
rella is mutivoltine, having typically 3–4 generations per
year, depending on climate and geographic location
(Neunzig, 1972). The first-generation larvae are more
destructive to pecan crops due to the small size of the nut-
lets on which they are feeding. These first-generation

larvae are capable of consuming 3–4 nutlets in a cluster
(Ring & Harris, 1984). The larvae of subsequent genera-
tions require fewer nutlets to complete development and
thus are less damaging to the crop. Acrobasis nuxvorella is
monophagous on pecan.

Pecan is indigenous to the alluvial plains of the south-
central USA and mountain valleys of Mexico (Harris,
1983). Native pecan in Mexico is geographically isolated
from plantings in the USA (Harris et al., 2008). Acrobasis
nuxvorella is distributed throughout the pecan growing
regions east of the Rocky Mountains in North America
(Figure 1). The range of this pest reaches fromFlorida west
to NewMexico in the USA and as far west as Chihuahua in
Mexico (Harris, 1983). Acrobasis nuxvorella has recently
expanded to pecan growing regions in Sonora, Mexico (Fu
Castillo et al., 2005; Harris et al., 2008).*Correspondence: E-mail: rfmedina@tamu.edu
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The current IPM strategy for controlling A. nuxvorella
consists of monitoring for this pest with sex pheromone
baited sticky traps and using a degree-day prediction
model (Stevenson et al., 2003) combined with a sequential
sampling plan (Ring et al., 1989) to ensure only needed
insecticide treatments are applied at the correct time.
These strategies have been helpful in timing pesticide
applications, allowing for more efficient pesticide use.
Chemical control against A. nuxvorella, when needed, tar-
gets hatching first instars to prevent nut entry and to kill
them before they gain access to a refuge inside the pecan
nut. The current IPM strategic plan for pecan has signifi-
cantly reduced the amount of pesticides used to control A.
nuxvorella compared to when calendar sprays were used
to control this pest (Stevenson et al., 2003). This reduced
pesticide use was achieved without a reduction of crop
quality or yield and has conserved natural enemies to
more effectively manage foliar pecan pests, such as aphids,
mites, and leaf miners, that occur later in the pecan grow-
ing season (Harris et al., 1998).

Two synthetic sex pheromones have been developed
and are currently used to detect the flight of A. nuxvorella
adults (Millar et al., 1996; Harris et al., 2008). The first
pheromone developed (henceforth standard pheromone)
was identified to be a single aldehyde (9E,11Z)-hexadeca-
dienal (9E,11Z-16:Ald) (Millar et al., 1996). This phero-
mone has been used to attract male A. nuxvorella in the
USA for over 10 years, but interestingly, the standard

pheromone does not attract A. nuxvorella male moths in
Mexico, even though A. nuxvorella is known to be present
in Mexico (Fu Castillo et al., 2005; Harris et al., 2008).
Due to the failure of the standard pheromone to attract
A. nuxvorella in Mexico, the second A. nuxvorella phero-
mone (henceforth Mexican pheromone) was developed
(Harris et al., 2008). The Mexican pheromone was identi-
fied as 1:1 (9E,11Z)-hexadecadien-1-yl acetate (9E,11Z-
16:Ac):(9E,11Z-16:Ald). This pheromone attracts moths
in the USA and in Mexico. The discovery that there are
two sex pheromones able to attract A. nuxvorella (Millar
et al., 1996; Harris et al., 2008) has improved the phero-
monemonitoring program currently in place for this pest.

Sex pheromones are used by many insects to facilitate
mate location and recognition (Löfstedt, 1993). In the
majority of moth species, it is the female that produces the
chemical signal and the male that responds. Sex phero-
mones are the primary source of communication among
matingmoths (Tamaki, 1985). The responder is capable of
distinguishing among pheromones and is attracted to a
very specific chemical signal produced by a conspecific
female (Svensson, 1996). There are several examples of
lepidopterans that have polymorphic sex pheromones
within the species. A thoroughly studied example is Ostri-
nia nubilalisHübner: females of one pheromone race pro-
duce and males respond to a 3:97 E ⁄Z-11-tetradecenyl
acetate pheromone blend, whereas in a second pheromone
race, females produce and males respond to a 99:1 E ⁄Z

Legend
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A. nuxvorella range

Collection sites

Figure 1 Native pecan distribution, range ofAcrobasis nuxvorella, and collection sites. Pecan is native to the alluvial plains of the south-
central USA andmountain valleys ofMexico, but has expanded due to cultivation.Acrobasis nuxvorella is present in pecan growing
regions in the USA east of the RockyMountains and in pecan growing regions in northernMexico.
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pheromone blend (Klun et al., 1973; Kochansky et al.,
1975). Studies have found that O. nubilalis pheromone
production and response can be attributed to insect genet-
ics (Klun &Maini, 1979; Dopman et al., 2004) and to host
plant use (Pelozuelo et al., 2004). Likewise, pheromone
races in Spodoptera frugiperda JE Smith are linked to host
plant preference (Groot et al., 2008). In contrast, an aber-
rant pheromone blend resulting from a single autosomal
gene mutation was discovered in a laboratory population
of Trichoplusia ni Hübner in which mutant females were
unattractive to normal males (Hunt &Haynes, 1990). Two
distinct pheromone blends and one intermediate phero-
mone blend were discovered for Hemileuca eglanterina
Boisduval (McElfresh & Millar, 2001). It is believed that
these two distinct blends are a result of reproductive char-
acter displacement and that the intermediate blend is a
result of mating between the two pheromone races where
they occur in sympatry (McElfresh & Millar, 2001). Other
examples of moth species that exhibit polymorphic phero-
mone production include Agrotis segetum Denis & Schif-
fermüller (Löfstedt et al., 1986; Hannson et al., 1990),
Argyrotaenia velutinana Walker (Miller & Roelofs, 1980),
and Pectinophora gossypiella Saunders (Collins & Cardé,
1985). Each of these cases offers a unique angle to learn
more about the evolution of chemical signaling in Lepido-
ptera.

Löfstedt (1990) hypothesized that aberrant pheromone
blends in lepidopteran populations are maintained due to
the existence of males that are able to respond to a wide
range of pheromone blends. Additionally, it is thought that
the specificity of sex pheromones can lead to reproductive
isolation among lepidopteran populations (Roelofs &
Comeau, 1969); however, few studies have tested this
hypothesis in the field.

The objective of this study was to determine the pres-
ence or absence of reproductive isolation that would result
from assortative mating between the postulated phero-
mone strains of A. nuxvorella over many generations. This
will allow us to determine whether pheromone strains are
present within this species. Amplified fragment length
polymorphism (AFLP) markers were used to assess the
existence of pheromone strains in this insect (Vos et al.,
1995). Amplified fragment length polymorphism markers
have been successfully used to confirm the existence of
biotypes or strains in other insect species (Cervera et al.,
2000; Salvato et al., 2002; Zhu-Salzman et al., 2003; Busato
et al., 2004; Zhang et al., 2005). The data presented in this
study are the first genetic data available for this pest spe-
cies. We hypothesized that A. nuxvorella pheromone
strains (i.e., standard and Mexican) were reproductively
isolated, thus genotypic differences were expected between
the different pherotypes (i.e., conspecific males that show

differential response to pheromone blends) (Zada et al.,
2008) at each of our study sites.

Materials and methods

Amplified fragment length polymorphism markers (Vos
et al., 1995) were used to detect differences in the geno-
types of male A. nuxvorella that responded to different sex
pheromones. Amplified fragment length polymorphism
markers were chosen because they are capable of surveying
the whole genome of an organism when no prior genetic
information is available. Additionally, they can be
obtained fairly inexpensively and they produce many
markers in a relatively short period of time (Pejic et al.,
1998; Althoff et al., 2007).

Specimen collection

Acrobasis nuxvorella used for this study were collected by
peer and producer cooperators from pheromone-baited
sticky traps (Trece, Adair, OK, USA) from 21 locations
in the southern USA and Mexico (Figure 1). Each trap
was baited with a rubber septum impregnated with
100 lg of synthetic pheromone. At each of the locations
in the USA and Mexico, 3–6 Trece Pherocon III" sticky
traps baited with synthetic standard pheromone lures
and 3–6 sticky traps baited with synthetic Mexican
pheromone lures were used to capture male moths.
Traps were placed in pecan trees 2 m above the ground
and at least 50 m from other traps. Trapped male moths
were transferred to microcentrifuge tubes with 70%
alcohol at the collection locations. Each cooperator col-
lected 10 random specimens from each of the two
pheromone trap types. The specimens were then sent to
Texas A&M University in College Station (TX, USA)
and stored at )80 #C until used for genetic analysis.
Samples were collected for two consecutive years
(between the months of April and September of 2007
and 2008). A total of 181 specimens were selected at
random for AFLP analysis.

DNA extraction

Microcentrifuge tubes containing A. nuxvorellamale indi-
viduals selected for molecular analyses were taken out of
)80 #C storage and placed in liquid nitrogen. Entire indi-
viduals were frozen in liquid nitrogen and crushed to start
DNA extraction procedures. Only a sub-sample of speci-
mens collected per each pheromone at each of the study
sites were used for molecular marker studies and the
remaining specimens were kept as vouchers. DNA was
extracted usingQiagenDNEasy Tissue Kit (Qiagen, Valen-
cia, CA, USA) following Qiagen recommended protocol
(Qiagen, 2002). The quantity (ng of nucleic acid per ll of
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solution) and quality (ratio of sample absorbance at 260
and 280 nm) of DNA was measured using a NanoDrop$
spectrophotometer (NanoDrop Technologies, Wilming-
ton, DE, USA).

AFLP development

Amplified fragment length polymorphism markers were
used to determine genetic differentiation among A. nuxvo-
rella from different presumed pheromone strains in our 21
locations. Digestion of genomic DNA by the restriction
enzymes EcoRI and MseI and ligation of oligonucleotide
adaptors compatible with these endonucleases (Applied
Biosystems, Foster City, CA, USA) were accomplished in a
single reaction mixture. Each reaction aliquot contained
approximately 605 ng of template DNA. Pre-selective
polymerase chain reaction (PCR) amplification was per-
formed using the Applied Biosystems AFLP Preselective
Mix (Applied Biosystems). The PCR program for pre-
selective amplification was: 95 #C for 1 min followed by
20 cycles of 95 #C for 10 s, 56 #C for 30 s, and 72 #C for
90 s, with a final hold at 75 #C for 5 min. The amplified
product was then diluted 20-fold using 15 nM Tris–HCl
buffer (pH 8.0) containing 0.1 mM EDTA. For the selective
amplification of restriction fragments, already prepared
custom primers for recognition of EcoRI and MseI adap-
tors were used. The four primer pairs selected were
M-CAT and E-ACT, M-CTC and E-AAC, M-CAC and
E-ACG, and M-CAA and E-ACT. Fragments were visual-
ized by attaching a fluorescent dye to the 5¢ end of each
EcoRI selective amplification primer with no modification
made to theMseI primer. The PCR program for the selec-
tive amplification process consisted of an initial warm-up
at 95 #C for 30 s, 12 cycles of 95 #C for 10 s, 65 #C for 40 s
with a lowering of 0.7 #C per cycle, 72 #C for 90 s, fol-
lowed by 35 cycles of 95 #C for 11 s, 56 #C for 40 s, 72 #C
for 90 s, and finally a hold of 75 #C for 5 min before stor-
ing the samples at 4 #C.

Data analysis

Amplified fragment length polymorphism markers were
separated by capillary electrophoresis in a 3100 Genetic
Analyzer from Applied Biosystems and analyzed using
GENEMAPPER software (Applied Biosystems, 2005). Mark-
ers with a dye signal larger than 100 luminescent units were
considered as present. Each AFLPmarker was considered a
locus and was assumed to have two possible alleles (repre-
sented in binary form, i.e., 0 for no allele present and 1 for
a present allele). The number of specimens and primer
combinations necessary to detect genetic differences in this
study was assessed using SESim values (Medina et al.,
2006). The four primer pairs mentioned above were con-
sidered sufficient based on a SESim <0.05.

The possibility of two pheromone strains ofA. nuxvorel-
la was investigated using STRUCTURE (Pritchard et al.,
2000; Falush et al., 2007). STRUCTURE is a Bayesian
inference method that uses a Markov chain Monte Carlo
(MCMC) algorithm to cluster individuals into popu-
lations and measures the probability that an individual is a
member of different populations based on genotypic data
(Pritchard et al., 2000; Falush et al., 2007). The STRUC-
TURE burn-in period was fixed at 10 000 with a run
length of 10 000 under the admixture model with corre-
lated and uncorrelated allele frequencies. To determine the
number of populations present in the data (K), 20 replica-
tions were completed for each K value between 1 and 5.
The number of populations (K) indicated by STRUC-
TURE was verified using the DK method of Evanno et al.
(2005).

Results

A total of 181 individuals from 21 locations were used for
AFLP analyses. The average concentration of DNA for the
181 specimens was 110 ng of nucleic acid per ll of solu-
tion. The average quality of DNA samples as measured by
the ratio of light absorbance at 260 and 280 nm was 2.00.
The four primer combinations used yielded 483 polymor-
phic AFLPmarkers. This number of individuals and AFLP
markers resulted in a SESim value of 0.0262. A SESim
value of <0.05 indicates that the sample size of individuals
and genetic markers is sufficient to accurately capture the
genetic variability of the two postulated strains of
A. nuxvorella at the geographic scale of this study (Medina
et al., 2006).

When the EvannoDKmethod (Evanno et al., 2005) was
used to predict the number of populations generated by
STRUCTURE, the results indicated that there were three
distinct populations under the admixture and correlated
allele frequencies model. The first cluster (MEX) consists
of only the individuals collected from pheromone traps in
Mexico (Figure 2). Due to the inability of the standard
pheromone to attract A. nuxvorellamales in Mexico, all of
the individuals in the first cluster (i.e., MEX) were cap-
tured using theMexican pheromone only. The second (US
1) and third (US 2) clusters contained all of the individuals
collected in pheromone traps in the USA. The second clus-
ter (US 1) contains individuals captured in pheromone
traps baited with the Mexican pheromone and individuals
captured in pheromone traps baited with the standard
pheromone from each of the collection sites in the USA.
Similarly, the third cluster (US 2) contains individuals cap-
tured in pheromone traps baited with the Mexican phero-
mone and individuals captured in pheromone traps baited
with the standard pheromone from each of the USA col-
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lection sites. Thirteen markers were only present in indi-
viduals belonging to the Mexican cluster and absent in all
individuals in the twoUSA clusters.

Discussion

The results of this study indicate that there is no evidence
supporting pheromone strain formation among popu-
lations of A. nuxvorella. There was, however, a distinct dif-
ference between A. nuxvorella captured in Mexico and the
USA. The westward expansion of the pecan industry in the
USA andMexico has recently been followed by the expan-
sion of A. nuxvorella into areas where pecan is not indige-
nous, but has been cultivated since the late 1800s (Brison,
1974). This pest was found infesting pecan plantings in the
El Paso Valley of Far West Texas for the first time in 1988
(Harris et al., 1988).Acrobasis nuxvorella is autochthonous
in some regions of Mexico and expanded to pecan plant-
ings in the Mexican state of Sonora as recently as 2001 (Fu
Castillo et al., 2005). Most likely this westward expansion
of A. nuxvorella is a result of the importation of infested
plant materials from Chihuahua into these areas. Genetic
differences between the USA andMexican moths are most
likely due to the continued geographic isolation of pecan
inMexico from those in the USA.

The absence of the standard pheromone in Mexico may
be attributed to the fact that the sugarcane borer, Diatraea
saccharalis Fabricius, also produces the same sex phero-
mone (9E,11Z-16:Ald) (Santangelo et al., 2002). It is
possible that A. nuxvorella in Mexico are unresponsive to
this pheromone as a mechanism to avoid cross attraction
between the two species. If male A. nuxvorella were
attracted to female D. saccharalis, the result would be
wasted reproductive effort for those individuals attracted
to incompatible females.

Diatraea saccharalis is one of the most damaging pests
of corn in Mexico (Maredia & Mihm, 1991). Corn is
grown in every state in Mexico, thus there is considerable

spatial overlap between pecan growing regions and corn
growing regions in Mexico leading to A. nuxvorella and
D. saccharalis occurring in sympatry. In Mexico, there is
also a great deal of temporal overlap between A. nuxvorella
and D. saccharalis. The adults of the first generation of
A. nuxvorella begin emerging in late April and the flight of
the final generation ends in early September (Fu Castillo
et al., 2005). In northern Mexico, D. saccharalis adults
begin emerging inMarch and subsequent generations con-
tinue their flights into September (Rodriguez Del Bosque
et al., 1995).

Diatraea saccharalis is also a major pest of corn, rice,
and sugarcane in the USA, but it is only a pest in the war-
mer parts of the Gulf Coast States (i.e., Florida, Louisiana,
and Texas) (Capinera, 2007). Diatraea saccharalis adults
begin emerging in April or May in the Gulf Coast States
and subsequent generations continue flight into the
autumn months (Capinera, 2007). In the USA, A. nuxvo-
rella adults begin flying in late April and subsequent gener-
ations continue into October (Bilsing, 1926; Stevenson
et al., 2003; MKHarris, unpubl.). Thus, although there is a
temporal overlap between D. saccaralis and A. nuxvorella
in the USA, A. nuxvorella in the USA are somehow able to
maintain the integrity of both chemical signals, probably
because the spatial overlap of these two pest species is lim-
ited to the Gulf Coast Region.

The two sympatric USA populations of A. nuxvorella
(Figure 2) are both comprised of individuals captured at
each location with each of the sex pheromones. This is an
indication that male A. nuxvorella in the USA are able to
recognize and respond to both of the pheromones pro-
duced by A. nuxvorella in the USA. This widened response
by moths in the USA can be explained by Phelan’s asym-
metric tracking hypothesis which states that male moths
will be most sensitive to the most common pheromone
present within a population, but thatmale response should
be wide enough to recognize potential mates of the same
species, even if the calling female belongs to a different
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MEX US 1 US 2

Figure 2 Results of STRUCTURE (Pritchard et al., 2000). Each vertical line on the x-axis represents one individual. The y-axis corre-
sponds to the probability that an individual is a member of a particular population: dark gray (Mexican population), light gray (US popu-
lation 1), and black (US population 2). The most likely number of clusters was 3 according to theDKmethod of Evanno et al. (2005).
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pheromone race (Phelan, 1992). If this is the case for
A. nuxvorella, it is likely that there is a pheromone poly-
morphism in females, but there is not a response polymor-
phism inmales.

Liu &Haynes (1994) showed that T. nimales fromwhat
they refer to as mutant sex pheromone producing colonies
preferred females that produced normal sex pheromones.
After 49 generations the males from mutant colonies dis-
played a widening response that included both phero-
mones and would respond to normal and mutant
pheromones with equal frequency. Another example of a
wide response to sex pheromones is exhibited between
O. nubilalis and its congener Ostrinia furnacalis Guenée.
These two species have similar pheromone blends and
showed cross attraction between species when tested in a
wind tunnel (Linn et al., 2003, 2006).

Alternatively, it is possible to have two pherotypes
within the same species that are not reproductively iso-
lated, and there are examples of this in the Lepidoptera
(Liu & Haynes, 1994; McElfresh & Millar, 2001). The two
pherotypes of A. nuxvorella could be two different pheno-
types (much the same as color or size) that although
explained by differences in one or few genes, do not lead to
reproductively isolate the two A. nuxvorella pherotypes
into distinct populations. Thus, it is possible that in Mex-
ico, A. nuxvorella respond to the Mexican pheromone
because genes associated with recognition of the Mexican
pheromone were selected for while genes responsible for
the response to the standard pheromone were selected
against, possibly because of signal competition from
D. saccharalis. In the USA, moths are attracted to both the
standard pheromone and the Mexican pheromone per-
haps because they experience less selective interference
fromD. saccharalis.

Not much is currently known about the mating behav-
ior of A. nuxvorella, and the question still remains as to
why male A. nuxvorella in the USA are responsive to the
Mexican and standard pheromones while in Mexico the
standard pheromone seems to be absent. It is possible that
the Mexican pheromone evolved long ago to reduce inter-
specific competition between A. nuxvorella and D. saccha-
ralis. Further research is needed in order to explain the
existence of the two characterized A. nuxvorella phero-
types.
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