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Abstract Males are homogametic (ZZ) and females are
heterogametic (WZ) with respect to the sex chromosomes in
many species of butterflies and moths (insect order Lepidop-
tera). Genes on the Z chromosome influence traits involved in
larval development, environmental adaptation, and repro-
ductive isolation. To facilitate the investigation of these traits
across Lepidoptera, we developed 43 degenerate primer pairs
to PCR amplify orthologs of 43 Bombyx mori Z chromosome-
linked genes. Of the 34 orthologs that amplified by PCR in
Ostrinia nubilalis, 6 co-segregated with the Z chromosome
anchor markers kettin (ket) and lactate dehydrogenase (Idh),
and produced a consensus genetic linkage map of ~89 cM in
combination with 5 AFLP markers. The O. nubilalis and B.
mori Z chromosomes are comparatively co-linear, although
potential gene inversions alter terminal gene orders and a
translocation event disrupted synteny at one chromosome end.
Compared to B. mori orthologs, O. nubilalis Z chromosome-
linked genes showed conservation of tissue-specific and
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growth-stage-specific expression, although some genes
exhibited species-specific expression across developmental
stages or tissues. The O. nubilalis Z chromosome linkage
map provides new tools for isolating quantitative trait loci
(QTL) involved in sex-linked traits that drive speciation and it
exposes genome rearrangements as a possible mechanism
for differential gene regulation in Lepidoptera.

Keywords Z chromosome - Genetic map - Ostrinia
nubilalis - Lepidoptera - Gene expression

Introduction

Females from the insect order Lepidoptera (butterflies and
moths) are heterogametic with WZ sex chromosomes,
whereas males of the same species have a ZZ pair of sex
chromosomes (Traut and Marec 1997). Phenotypic traits
controlled by loci on the Z chromosome in the domesti-
cated silkworm, Bombyx mori, include cuticle density (loci
os, sex-linked translucent, and od, distinct translucent),
body shape (e, elongated), molting (nm-s, non-molting-s),
larval maturity (/m, late maturity) and body color (sch, sex-
linked chocolate) (Fujii et al. 2008). Genetic linkage maps
of the B. mori Z chromosome (Nagaraja et al. 2005) have
proven valuable in isolating the positions of sch (Miao
et al. 2008) and shaker (shkr), which are linked to eco-
nomically important male silking traits (Zhu et al. 2001),
and behavioral traits, respectively (Duan et al. 2010).
Among other species of Lepidoptera, the Z chromosome
encodes the period (per) gene that governs clock and
circadian periodicity in the silkmoth, Antheraea pernyi
(Gotter et al. 1999), hybrid sterility factors in the Postman
butterfly, Heliconius melpomene (Jiggins et al. 2001a), and
ecological traits such as diapause duration and male
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pheromone response in the European corn borer, Ostrinia
nubilalis (Thomas et al. 2003; Dopman et al. 2005).

Diapause is a state of slowed development and physio-
logical change (Palli et al. 1998) that is triggered by genetic
factors in response to environmental cues including pho-
toperiod and temperature (Hairston and Kearns 1995).
Obligatory diapause has become fixed in populations due
to selection within local environments, where for example,
a univoltine ecotype of O. nubilalis predominates northern
climates (Showers et al. 1975). In contrast, the majority of
insects display facultative diapause as an adaptive strategy
that allows for an increased number of generations under
favorable conditions or the ability to enter a dormant state
in an unfavorable environment (Liu et al. 2010). An
increase in the number of generations per year can affect
the ecology and evolution of a species (Hunter and McNeil
1997) such that genes influencing voltinism may be under
selection during periods of climate change (Tobin et al.
2008; Altermatt 2010). Larval diapause traits are male sex-
linked in O. nubilalis (Arbuthnot 1949; Showers et al.
1972; McLeod 1976). The univoltine trait is incompletely
dominant and is linked to the triosephosphate isomerase
(zpi) locus on the Z chromosome (Glover et al. 1992). The
genes that regulate the univoltine phenotype in O. nubilalis
are likely to be under positive selection in northern clines
and may ensure over-wintering survival (Showers 1979),
which reinforces genetic isolation from sympatric bivoltine
ecotypes through incompatible breeding cycles (West-
Eberhard 2003).

A second ecotype division within O. nubilalis is based
upon female production and male response to the £11- and
Z11-14:0Ac-isomers of the pheromone All-tetradecenyl
acetate (Klun 1975). Females emit a blend of E and Z iso-
mers under the control of the autosomal fatty acid reduc-
tase locus (Lassance et al. 2011) at blend ratios of 99:1
(E strain), 3:97 (Z strain), or 98:2 (Glover et al. 1987; Roelofs
et al. 1987). Genes influencing long-range male pheromone
perception are both autosomal and sex-linked (Roelofs
et al. 1987; Lofstedt et al. 1989; Gould et al. 2010; Olsson
et al. 2010). The autosomal pheromone perception loci
regulate the development of alternative forms of the male
pheromone receptor sensilla. The differences in male
pheromone perception are associated with the macro-
glomerular complex (MGC) of male antennal lobes, where
MGC morphology is indistinguishable between strains
while the behavioral responses to pheromone stimulation
are Z-linked and differ between E and Z moths (Karpati
et al. 2008; Olsson et al. 2010). Pheromone perception
generates a predictable electrochemical response through
neurons connected to the MGC (Kanzaki et al. 2003).
Chemical-derived neuroelectric signals display either large
or small electrical spike amplitudes, with the sensilla being
“tuned” to produce the larger amplitude signal in response

@ Springer

to the strain-specific pheromone isomers (Roelofs et al.
1987). While corresponding behavioral changes are a
probable catalyst for mating disruption and speciation
(Sperling 1994), those responses are more difficult to
characterize mechanistically (Ferveur et al. 1995). Although
the genetic and molecular basis for Z chromosome-linked
behavioral differences and other phenomena that drive
speciation have yet to be fully characterized in O. nubilalis,
male-influenced speciation in Lepidoptera was demon-
strated in Postman butterfly (H. melpomene) ecotypes by the
presence of hybrid sterility factors that are carried on the Z
chromosome (Jiggins et al. 2001a). Such comparisons can
be used to shed light on economically important Lepidoptera
like O. nubilalis.

The genome sequence of B. mori displays substantial
synteny with other Lepidoptera (Yasukochi et al. 2006;
Pringle et al. 2007) making it an important tool for com-
parative genomics. The assembled B. mori Z chromosome
sequence encompasses 20.4 Mb from five assembled
scaffolds and is predicted to encode at least 655 genes
(Yamamoto et al. 2006; Fujii et al. 2008). A corresponding
genetic linkage map for the Z chromosome of O. nubilalis
was previously assembled from 8 amplified fragment
length polymorphisms (AFLPs), polymorphisms for kettin
(ket), lactate dehydrogenase (Idh) and tpi, and a micro-
satellite marker (mal69) that were dispersed over an esti-
mated 76 centi-Morgan (cM) distance (Dopman et al.
2005). That study confirmed that genes influencing the
timing of larval post-diapause development (pdd) are
genetically linked to the pi locus (Roelofs et al. 1987), and
indicated that the male behavior toward female phero-
mones is controlled by the male flight response (resp)
quantitative trait locus (QTL) roughly 20 cM away from
tpi (Dopman et al. 2005). The contribution of resp to the
pre-mating barriers that reduce gene flow and that reinforce
divergence of the E and Z moth strains is not fully
understood (Dopman et al. 2010), but the current resolution
of the Z chromosome map in O. nubilalis does not easily
facilitate the isolation of specific genetic elements gov-
erning sex-linked traits in this species.

Using the B. mori Z chromosome scaffold assembly as a
reference, we developed a pipeline for orthologous marker
development among Lepidoptera for comparative genetic
linkage mapping in O. nubilalis. Here, we present a genetic
linkage map of the O. nubilalis Z chromosome assembled
from 13 segregating molecular markers and present an
empirical annotation of O. nubilalis Z chromosome loci
using gene expression data across tissues and growth
stages. Augmentation of the O. nubilalis Z chromosome
linkage map with gene annotation data reveals the effects
that chromosomal translocations may have on gene
expression. This study demonstrates that the B. mori gen-
ome assembly provides a valuable entry point into genomic
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research of Lepidoptera and offers new tools for mapping
sex-linked traits in a model of speciation and ecotype
divergence.

Materials and methods
O. nubilalis pedigrees and DNA extraction

Ostrinia nubilalis pupae were obtained from a laboratory
colony of the bivoltine Z pheromone ecotype maintained at
the USDA-ARS, Corn Insects and Crop Genetics Research
Unit (CICGRU), Ames, IA. Three parental pairs were
established from emerged adults (pedigrees 8-04, 8-05, and
8-09), and resulting F; progeny were reared on semi-me-
ridic diet until pupation (Guthrie 1990). DNA was extrac-
ted and quantified from individual pupae within pedigrees
by methods previously described (Coates et al. 2007). Total
genomic DNA was also extracted from nine species of
Lepidoptera (see Table 4) and Diabrotica virgifera virgif-
era (Coleoptera: Chrysomelidae), using methods described
previously (Coates and Hellmich 2003).

Development of orthologous gene markers
on the Z chromosome

The B. mori genome sequence, and gene and protein
sequence models (build 2 v. 3) were, respectively, retrieved
from the Kaikobase files integratedseq.txt.gz, glean_cds.
txt.gz and glean_pro.txt.gz (http://sgp.dna.affrc.go.jp/
pubdata/genomicsequences.html, files), in which chromo-
some 1 (Z) genes were identified by names within the file
glean_cds_on_chr.gff. The National Center for Biotech-
nology Information (NCBI) EST database (dbEST) acces-
sions for Lepidoptera were downloaded in FASTA format,
and imported into a local searchable database using the
program BioEdit (Hall 1999). The local database was
queried with B. mori Z chromosome gene and protein
sequences using the tblastx and blastx search algorithms,
respectively (cutoffs: percent sequence similarity > 60%
and E-values < 10_5), and the top 8 blast hits were
retrieved for each search. Sequences were imported into the
MEGA 4.0 software package sequence alignment appli-
cation (Tamura et al. 2007), and multiple sequence align-
ments were made with the ClustalW algorithm using
default parameters (gap opening penalty 15, gap extension
penalty 6.66, weight matrix IUB with a transition weight of
0.5) and the B. mori gene models to “guide” the alignment.
Physical distances between genes were estimated with
reference to the B. mori Z chromosome sequence scaffolds
(Duan et al. 2010). Primer3 (Rozen and Skaletsky 2000)
was used to design degenerate oligonucleotide primers that
would anneal at sites with >80% homology across at least

4 putative orthologous lepidopteran genes, and to generate
predicted products with 1 or 2 introns (Table 1). All
primers were synthesized by Integrated DNA Technologies
(Coralville, IA).

Orthologous genomic fragments were PCR amplified
from ~25ng of DNA in reactions that used 1.5 mM
MgCl,, 50 uM dNTPs, 3.0 pmol of a degenerate primer
pair (Table 1), 2 pl 5x thermal polymerase buffer (Pro-
mega, Madison, WI), and 0.15 U Tag DNA polymerase
(Promega, Madison, WI) in a 10 pl reaction volume.
Reactions were then cycled using the following parame-
ters: 96°C, 2 min initial denaturation; 95°C, 30 s cycle
denaturation; 55°C, 45 s cycle annealing; 72°C, 2 min
cycle elongation; 72°C, 10 min final elongation; 4°C, hold.
All PCR amplified fragments were separated on 1.5%
agarose gels. PCR products from O. nubilalis females were
purified using Gel/PCR DNA fragment extraction kits (IBI
Scientific, Peosta, TA), cloned into pGEM-T (Promega,
Madison, WI), and sequenced (Coates et al. 2010). Ostrinia
nubilalis sequences were queried against the glean_cds.txt
and glean_pro.txt files using tblastx and tblastn algorithms,
aligned in MEGA 4.0 (Tamura et al. 2007) as described
previously, and putative substitution mutations within
restriction endonuclease sites were identified manually.

Comparative mapping of the Z chromosome

The segregation of predicted mutations (Table 2) among
progeny from pedigrees 8-04, 8-05, and 8-09 were detected
as described by Coates et al. (2008). All restriction
enzymes were purchased from New England Biolabs
(Ipswich, MA). Genomic DNA for parents and F; progeny
from pedigrees 8-04, 8-05, and 8-09 were PCR amplified
and single nucleotide polymorphism (SNP)-based geno-
types were revealed using diagnostic fragment patterns
(Table 2) with the co-occurrence of alleles A; and A,
designated as heterozygotes, A;A,. Amplified fragment
length polymorphism (AFLP) markers were generated for
O. nubilalis pedigree 8-04. Approximately 0.5 pg of
genomic DNA was digested with EcoRI and Msel, ligated
to adapters, and pre-amplified using core adapter primers as
described (Vos et al. 1995). Thirty-two different combi-
nations of selective EcoRI and Msel primer pairs were used
for amplification of AFLP markers in individual 10 pl
reactions as described previously (Vos et al. 1995), except
that selective Msel primers were multiplexed with two
selective EcoRI primers that were labeled with IRDye-700
or IRDye-800 (Table 3, LiCor, Lincoln, NE). AFLP
products were diluted 1:4 with deionized water, to which
8 ul stop/loading buffer was added (LiCor, Lincoln, NE).
Samples were heat denatured at 95°C for 10 min and snap
chilled on ice for 10 min. Samples (1 pl) were then loaded
into wells of a 0.2 cm 6.5% denaturing polyacrylamide gel

@ Springer
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Table 2 Single nucleotide polymorphism (SNP) and PCR fragment length polymorphism markers from O. nubilalis detected following

amplification and restriction enzyme (RE) digestion of PCR products

Ortholog marker SilkDB B. mori gene 1D RE digest Fragment sizes for alleles (bp)

Ay Az
G02 BGIBMGAO000503-TA Hinfl 800 600, 120, 80
G04 BGIBMGAO000520-TA Mspl 100 50, 50
G11 BGIBMGAO000612-TA Dral 200 150, 50
G12 BGIBMGAO000613-TA Hpy1881 500 250, 250
G13 BGIBMGAO000619-TA Sspl 500 300, 200
G14 (ket) BGIBMGA000622-TA Rsal 600, 200, 50 400, 200, 100, 100, 50
G23 BGIBMGA001991-TA PCR 850 700
G28 (shkr) BGIBMGAO003851-TA HpyCHA4IV 700, 300, 50 700, 150, 150, 50
G31 BGIBMGAO003892-TA Mspl 700, 70 500, 120, 100, 50
G32 (ldh) BGIBMGAO012336-TA Alul 150 100, 25, 25
G33 BGIBMGAO012229-TA Cfol 550, 75, 50 500, 125, 50
G38 BGIBMGAO012328-TA PCR 700 400

Designations for alleles A; and A, are given in base pair (bp)

Table 3 Oligonucleotide primer pairs used for PCR amplification of AFLP markers in O. nubilalis pedigree 8-04 (EcoRI-CORE1 = 5'-GAC
TGC CGT ACC AAT TC-3' Mse-CORE2 = 5'-CGA TGA GTC CCT GAG TAA-3')

EcoRI primer IRDye-800

Msel primer (unlabeled)

MP EcoRI primer IRDye-700

01 EcoRI-CORE1 + ACA-700
02 EcoRI-CORE1-AAG700

03 EcoRI-COREI + AAC-700
04 EcoRI-CORE1 + AAG-700
05 EcoRI-COREI + AAG-700
06 EcoRI-COREI1 + AAG-700
07 EcoRI-CORE1 + ACC-700
08 EcoRI-CORE1 + AAG-700
09 EcoRI-CORE1 + AAC-700
10 EcoRI-CORE1 + ACC-700
11 EcoRI-COREI + ACA-700
12 EcoRI-CORE1 + AAG-700
13 EcoRI-CORE1 + ACA-700
14 EcoRI-COREI1 + AAG-700
15 EcoRI-CORE1 + ACA-700
16 EcoRI-CORE1 + AAG-700

EcoRI-CORE1 + ACT-800
EcoRI-COREI + AGC-800
EcoRI-COREI + ACG-800
EcoRI-CORE1 + AGC-800
EcoRI-CORE1 + AGC-800
EcoRI-COREI1 + AGC-800
EcoRI-CORE1 + AGG-800
EcoRI-CORE1 + AGC-800
EcoRI-CORE1 + ACG-800
EcoRI-COREI + AGG-800
EcoRI-CORE1 + ACT-800
EcoRI-CORE1 + AGC-800
EcoRI-CORE1 + ACT-800
EcoRI-COREI + AGC-800
EcoRI-CORE1 + ACT-800
EcoRI-CORE1 + AGC-800

Msel-CORE2 + TG
Msel-CORE2 + TG
Msel-CORE2 + GA
Msel-CORE2 + GA
Msel-CORE2 + GT
Msel-CORE2 + CG
Msel-CORE2 + ACG
Msel-CORE2 + ACG
Msel-CORE2 + CAT
Msel-CORE2 + CAT
Msel-CORE2 + CAT
Msel-CORE2 + CAT
Msel-CORE2 + CTA
Msel-CORE2 + CTA
Msel-CORE2 + GAG
Msel-CORE2 + GAG

(including 1 pl of the LiCor 50-700 bp molecular size
standard used for size comparison). Fragment separations
were performed at 1500 V, 40 mA, and 45°C for 3.5 hon a
Model 4300 DNA Analyzer (LiCor, Lincoln, NE). TIF
images were collected from IRDye-labeled fragment
migration rates using the SAGA™* software suite. Marker
bins & 1 bp of estimated marker sizes were determined by
comparison to the 50-700 bp molecular size standards and
marker data were exported in tab-delimited format.
Co-dominant SNP and dominant AFLP-based markers
were coded for MAPMAKER 3.0 (Lincoln et al. 1992)

@ Springer

wherein the presence of an AFLP band or a SNP hetero-
zygote in the F; progeny from pedigree 8-04 was coded as
an “H”, and the absence of an AFLP band or a SNP
homozygote was coded as an “A”. This was possible in the
F, generations because recombination only occurs during
male meiosis and not during female oogenesis in Lepi-
doptera. AFLP and SNP data were tested using Chi-square
analyses (%, P value cutoff > 0.05) to identify significant
deviations from the expected 1:1 Mendelian ratio for seg-
regating markers among F; progeny. Only SNP data were
generated for pedigrees 8-05 and 8-09 because genomic
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DNA resources were not of sufficient quantity to perform
AFLP analyses. Linkage associations among segregating
markers were determined independently for each pedigree
(cutoffs: LOD > 3.0 and r < 0.40). Independent associ-
ations were then ordered based upon the minimum sum of
adjacent recombination fractions (SARF) and tested by
Log-likelihood estimates (Falk 1992). All possible marker
orders were constructed and marker order was established
using the smallest estimated Kosambi map distances and
logarithm of the likelihood for each map length [map
Log-likelihood]. A consensus map of 13 Z chromosome-
linked markers was generated using MergeMap (Wu et al.
2008) with data collected from pedigrees 8-04, 8-05, and
8-09.

Bridging O. nubilalis Z chromosome genetic
and physical maps

A portion of the O. nubilalis bacterial artificial chromo-
some (BAC) library, OnB1, comprising an approximate
fourfold genome coverage was screened via PCR of clone
superpools (SPs) and rowpools (RPs) as previously
described with the 43 Z chromosome marker primer pairs
(Coates et al. 2009). Positive OnB1 BAC clones were
validated for haplotype inserts by direct sequencing
(Coates et al. 2009).

Expression of O. nubilalis Z chromosome orthologs
Life cycle samples

Three replicates of each of the following O. nubilalis life
stages were collected: whole embryonic egg masses
(4/replicate), pre-emergent black-head egg masses (4/rep-
licate), second instar larvae (30/replicate), third instar
larvae (10/replicate), fourth instar larvae (2/replicate), fifth
instar larvae (1/replicate), pupae (1/replicate), male adults
(1/replicate), and female adults (1/replicate). Samples were
immersed in liquid nitrogen, ground into a powder, and
then total RNA isolated in 500 pL. Trizol Reagent
according to the manufacturer’s protocol (Invitrogen,
Carlsbad, CA).

Tissue-specific samples

Premolt fourth and fifth instar O. nubilalis larvae were
anesthetized by immersion in ice-cold phosphate buffered
saline (PBS: 137 mM NaCl, 2.7 mM KCIl, 4.3 mM
Na,HPO, x 7H,0, 1.4 mM KH,PO, pH 7.4) for 20 min.
Hemocytes (HC) were collected from 40 individuals for
both fourth and fifth instar larvae by cutting the first proleg
with surgical scissors and bleeding into 200 pL of ice-cold
PBS, centrifuging at 800x g for 5 min, and washing 3 times

with 1 mL of ice-cold PBS. Heads (Hd), fat body (FB),
digestive tracts including Malphigian tubules and gut (Gu),
and remaining carcass (Ca) tissues including muscle, tra-
chea, nerve cord, and epidermis were dissected into 500 pL
ice-cold PBS and washed in the same manner as HC
samples. Following washes, total RNA was isolated as
described previously.

Oligo-dT primed synthesis of cDNA was performed
with the SMART IV cDNA Library Construction Kit
(Clontech, Mountain View, CA) for all replicated O. nu-
bilalis total RNA pools using 3 pg of total RNA per syn-
thesis reaction (Coates et al. 2008). The resulting cDNA
was diluted 1:25 with nuclease-free water and 1 pL was
used as template in RT-PCR reactions with SNP marker
primers (Table 1). Amplified products were separated on
1.5% agarose gels as described above. The expression
of O. nubilalis Z chromosome orthologs was compared to
raw microarray data from B. mori fifth instars (Xia et al.
2007) downloaded from SilkDB (Duan et al. 2010) as tab-
delimited text. The presence or absence of gene expression
was scored using majority rules criteria for each O. nubil-
alis ortholog, and compared to B. mori microarray data that
was Log-transformed and grouped using the Gene Cluster
3.0 program (de Hoon et al. 2004). Bombyx mori heat-
maps were generated using the Java Treeview program
(Saldanha 2004).

Results

Development of orthologous gene markers
on the Z chromosome

The 43 degenerate primer pairs (Table 1) PCR amplified
putative B. mori Z chromosome orthologs from 10
species of Lepidoptera and one species of Coleoptera
with a mean of 28.3 £ 3.6 markers per species in the
Lepidoptera and 27.5 + 4.2 overall (Table 4). Of the 34
primer pairs amplifying products from random O. nu-
bilalis individuals, ~75% produced consistent PCR
products among individuals within F; pedigrees from the
laboratory colony. Amplified products from F; pedigrees
were validated as Z chromosome orthologs following
query of sequence generated from markers G04, GO6,
Gl11, G12, G14 (ker), G20, G23, G28 (shkr), G31, G32
(Idh), and G43 (zpi) against the B. mori gene models (top
blastn and tblastx hits in Table 5). In contrast, low or no
identity was shown at sequence tags for markers GO3,
G10, G13, G22, G33, G37, G38, or G42, and may be due
to a high proportion of sequence from intronic regions
(Table 5). All marker sequences collected from O. nu-
bilalis were deposited in GenBank (accessions in
Table 5).

@ Springer
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Comparative mapping of the Z chromosome
O. nubilalis genetic linkage map assembly

A total of 286, 46, and 134 progeny were genotyped from
F, pedigrees 8-04, 8-05, and 8-09. Mendelian inheritance
of sex linked genes in Lepidoptera predict that an equal
proportion of 3Za1Za1:3Za2Za1:% ZaitW:R ZA>W geno-
types are present among progeny from a cross between a
heterozygous (3Za1Z4>) male and a hemizygous (ZA,W)
female (Traut and Marec 1997). The Chi-square (Xz) test
statistic indicated significant deviation from predicted 1:1
ratios of hemizygous Z,;W:Z,,W genotypes among F,
females at markers G23 (pedigree 8-04), G33 (pedigrees
8-04 and 8-09), and G38 (pedigree 8-05, Table 6A) where
females displayed an approximate ratio of 1:1 for the
Za\W:Z a1 Z A» genotypes. In the pedigree 8-04, the female
parent was heterozygous for G23, G33, and G38 suggesting
autosomal location (Traut and Marec 1997). Male progeny
from pedigrees 8-04, 8-05, and 8-09 deviated significantly
from predicted 1:1 ZaZa1:ZA1ZA> genotypic ratios for
marker G23 within pedigree 8-04 (Table 6B), but not at
marker loci G33 and G38. The 1:1 Mendelian ratio of
Za1Zar:ZarZao resulted from heterozygous female par-
ents. All other segregating SNP loci appeared to be
Z-linked and showed single alleles for female parents as
expected for hemizygous WZ individuals. The markers for
the O. nubilalis genes ket (G14) and Idh (G32) known to be
Z chromosome-linked (Dopman et al. 2005) were inherited
in a manner consistent with the anticipated Mendelian
genetics for male and female F; progeny within all pedi-
grees that were segregating (Table 6).

Genotype data from the 44 F; progeny of pedigree 8-04
were used to determine genetic linkage among SNP- and
AFLP-based markers. A total of 139 polymorphic AFLP
loci present in the male parent but absent from the female
parent were identified, from which ¥* tests indicated that
101 AFLP loci (72.7%) did not significantly deviate from
Mendelian 1:1 genotypic ratios among F; progeny
(P > 0.05, data not shown). Genetic linkage was estimated
using 28 segregating male progeny from pedigree 8-04 and
genotype data from the 101 AFLP and 7 SNP markers that
were inherited in a manner consistent with Mendelian
segregation. This resulted in 36 predicted linkage groups
(LGs, LOD score >3.0 and recombination fraction >0.35)
with a mean of 3.4 + 2.0 markers per linkage group (range
2-10). The number of linkage groups was slightly larger
than the known haploid chromosome number (n = 31) for
O. nubilalis (Keil et al. 1990), indicating that an insuffi-
cient number of markers were present to construct a
complete genetic linkage map. Linkage to the Z chromo-
some in O. nubilalis was detected for 5 AFLP markers
(M32, M12, M21, M09, and M36) and the SNP markers

G14 (ket), G32 (Idh), G12,and G31 (Table 7). Of 1.81 million
maps generated by bootstrapping, the second most likely map
order (presented in Table 7) was chosen over the most likely
map order due to its approximate co-linearity with the B. mori
Z chromosome map (Fig. 1). The order of markers M32
through ket showed the second most minimum sum of adja-
cent recombination fractions (SARF = 0.729) and had an
initial map Log-likelihood [Log(L)] of —25.226 compared to
the order G31, M32, M12, M21, M09, M36, G32 (ldh),
G12, and G14 (ket) (order 1; SARF = 0.764 and Log(L) =
—27.540). The final map spanned 79.3 cM (9.9 £ 8.4 cM
between adjacent markers) with a Log(L) = —2.51. SNP
marker data was similarly used to construct separate linkage
maps for O. nubilalis pedigrees 8-05 and 8-09 (Fig. 1),
wherein 7 of 8 and 6 of 8 Z chromosome orthologs showed no
significant deviation from predicted Mendelian ratios among
female F; progeny, respectively (Table 6A). Estimated
recombination fractions among male progeny are also shown
(Table 6B).

Markers G14 (ket), G12, G04, G02, G32 (Idh), and G31
were segregating and shown to be linked to the Z chro-
mosome of O. nubilalis within at least 2 independent
pedigrees (Fig. 1). G13 and G28 (shkr) were segregating
within pedigree 8-05, and shown to be linked to G14 (ket).
Additionally, five AFLP-based markers were linked to Z
chromosome gene markers in pedigree 8-04. A consensus
map of the Z chromosome encompassing a total map dis-
tance of 89.0 cM (8.1 £ 6.2 cM between adjacent mark-
ers) was generated using 13 loci (Fig. 1).

Potential O. nubilalis gene rearrangements

Markers for putative Z chromosome orthologs G33 and
G38, previously shown to be heterozygous and to signifi-
cantly deviate from Mendelian-predicted sex-linked geno-
typic ratios among female progeny in pedigree 8-04
(Table 6A), were not linked to genes known to be on the
O. nubilalis Z chromosome (ldh, ket, and tpi; Fig. 1; LOD
scores = 0 and r.f. >0.57 compared to markers in
Table 7). G33 and G38 were predicted to be linked to a
single AFLP marker E-AGC_800M-GAG-0094 (M84), and
were within a 13.8 cM region on autosomal LG30. Evi-
dence placing markers G33 (DNA-binding protein D-ETS-
3) and G38 (H-coupled amino acid transporter) off of the Z
chromosome, and the presence of a heterozygous female
parent for these genes confirmed that the genomic position
of these two markers was autosomal (Table 6).

Bridging O. nubilalis Z chromosome genetic
and physical maps

Screening of the O. nubilalis BAC library, OnB1, resulted
in the identification of at least one clone for 21 of 25
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Table 6 Inheritance of Z chromosome linked molecular markers in O. nubilalis

Marker locus B. mori ortholog Pedigree ZaW ZAoW ZaZas N Xz P value
(BGIBMGA)

(A) Test for significant deviation from a Mendelian expected 1:1 ratio of female F; hemizygous Z ;W to Zx,W genotypes using Chi-square (y%) statistics

G12 000613-TA 8-04 9 9 0 18 0.000 1.000
G14 (ker) 000622-TA 8-04 11 7 0 18 1.000 0.317
G23 001991-TA 8-04 6 1 7 14 7.451 0.006*
G32 (Idh) 012336-TA 8-04 9 9 0 18 0.000 1.000
G31 003892-TA 8-04 9 6 0 15 0.063 0.802
G33 012229-TA 8-04 1 5 11 17 7.743 0.006*
G38 012328-TA 8-04 5 3 10 18 1.706 0.192
G02 000503-TA 8-05 61 48 0 109 1.550 0.213
G04 000520-TA 8-05 72 64 0 136 0.471 0.493
G12 000613-TA 8-05 75 68 0 143 0.343 0.558
Gl13 000619-TA 8-05 75 68 0 143 0.343 0.558
G14 (ket) 000622-TA 8-05 69 72 0 141 0.064 0.801
G28 (shkr) 003851-TA 8-05 66 73 0 139 0.353 0.553
G32 (Idh) 012336-TA 8-05 68 76 0 144 0.444 0.505
G38 012328-TA 8-05 83 0 59 142 <0.001 <0.001*
G02 000503-TA 8-09 30 10 0 40 10.000 0.002*
G04 000520-TA 8-09 33 28 0 61 0.410 0.522
Gll1 000612-TA 8-09 34 34 0 68 0.001 1.000
Gl12 000613-TA 8-09 36 31 0 67 0.037 0.541
Gl13 000619-TA 8-09 37 27 0 64 1.563 0.211
G31 003892-TA 8-09 34 36 0 70 0.057 0.811
G32 (Idh) 012336-TA 8-09 32 38 0 70 0.514 0.473
G33 012229-TA 8-09 34 0 26 60 30.533 <0.001*
(B) Test for significant deviation from a Mendelian expected 1:1 ratio of male F1 Z5Zx; to Zx1Z» genotypes using Chi-square (;(2) statistics
Gl12 000613-TA 8-04 15 0 13 28 0.143 0.705
G14 (ker) 000622-TA 8-04 15 0 11 26 0.615 0.433
G23 001991-TA 8-04 8 8 7 24 4.040 0.044*
G32 (Idh) 012336-TA 8-04 15 0 13 28 0.143 0.705
G31 003892-TA 8-04 16 0 10 25 1.385 0.239
G33 012229-TA 8-04 11 0 16 27 0.929 0.335
G38 012328-TA 8-04 8 5 15 28 2.643 0.104
G02 000503-TA 8-05 60 0 44 104 2.462 0.117
G04 000520-TA 8-05 59 0 56 115 0.078 0.780
G12 000613-TA 8-05 63 0 73 136 0.074 0.391
G13 000619-TA 8-05 69 0 64 133 0.188 0.665
G14 (ker) 000622-TA 8-05 65 0 71 136 0.265 0.607
G28 (shkr) 003851-TA 8-05 70 0 61 131 0.618 0.432
G32 (Idh) 012336-TA 8-05 63 0 71 134 0.478 0.490
G38 012328-TA 8-05 66 0 69 135 0.067 0.796
G02 000503-TA 8-09 22 0 28 50 0.720 0.396
G04 000520-TA 8-09 20 0 34 54 3.630 0.057
Gl1 000612-TA 8-09 39 0 20 59 6.119 0.013*
G12 000613-TA 8-09 35 0 24 59 2.051 0.152
G13 000619-TA 8-09 29 0 28 57 0.018 0.895
G31 003892-TA 8-09 31 0 26 57 0.439 0.508
G32 (Ildh) 012336-TA 8-09 21 0 35 56 3.500 0.061
G33 012229-TA 8-09 27 0 24 51 0.177 0.674

* Significant deviation with o < 0.05
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Table 7 Linkage of O. nubilalis Z chromosome-like markers in
pedigree 8-04

M32 G31 M09 M36 Iidh M21 MI12 GI2 ket

M32 — 0.16 024 0.28 031 0.18 0.17 021 0.26
G31 275 — 020 0.24 024 0.17 020 0.21 0.21
M09 1.77 209 - 0.03 0.14 0.04 0.07 0.14 0.19
M36 131 1.54 6.84 - 0.10 0.07 0.10 0.11 0.15
G32 (Idh) 093 1.54 3.68 4.54 — 0.11 0.14 0.14 0.19
M21 272 253 656 530 429 — 0.00 0.07 0.19
M12 294 2.09 557 454 3.68 843 -— 0.07 0.22
G12 2,11 1.89 344 429 344 503 530 - 0.12

G14 (ket) 142 1.89 2.51 321 251 230 192 3.79 —

LOD scores and recombination fraction (r.f.) above and below
diagonal, respectively

AFLP markers M21 = E-ACC_700M-CAT-0162, M12 = E-AGC_
800M-ACG-0176, M09 = E-AGG_800MACG-0285,M36 = E-ACC_
700M-ACG-0178, and M32 = E-AGC_800M-TG-0184

orthologs examined (Table 5). Physical linkage was
observed for G11 and G12 on BAC clone 64B04, and for
G06 and G20 on BAC clone 66E06 (Table 5). The pres-
ence of G11 with G12 and G06 with G20 on the same BAC
clones agrees with the predicted physical distances of about
14 and 44 kb, respectively, that separate these orthologs on
the B. mori Z chromosome assembly.

Expression of O. nubilalis Z. chromosome orthologs

As illustrated in Fig. 2, the overall expression profiles for Z
chromosome linked genes in B. mori fifth instar tissue
samples remained relatively consistent between the two
sexes, although many genes had higher apparent dosage in

8-04 8-05
oM 2 Lea cM Z Loci
| (ken)G1a L 613
1;'3 e G12 1.5 [~ (ket) G14
72 M7 EAcc roomcarote2 489 —
39~ E-AGC 800-M-ACG-0176 ¢
5 —— " F-AGG B00-M-ACG-0285 L 612
3.5 | —E-ACC 700-M-ACG-0178
10.5 —— 16.5 —
— (ldh) G32 God
26.1 — 7.0 —— G02
[ 27.5 —
16.6 ——
—— E-AGC_800-M-TG-0184 ___ (shkn) G28
cM  LG30 Loci
55 L E-AGC_800-M-GAG-0094
6.9 — G338
g —— G33

Fig. 1 Predicted linear order and centi-Morgan (cM) distances
between O. nubilalis markers developed from orthologs on the B.
mori Z chromosome. LG30 represents a possible translocation of

male versus female insects (Zha et al. 2009). While dosage
compensation was not analyzed in O. nubilalis expression
profiles, a visual comparative assessment of gene expres-
sion profiles for mapped or predicted Z-linked genes
indicated similar expression patterns for approximately
75% of the O. nubilalis orthologs when compared to the B.
mori fifth instar larval tissue microarray data (Fig. 2). The
presence or absence of transcripts was analyzed for 38 Z
chromosome orthologs across O. nubilalis growth stages
and tissues (Fig. 2), for which constitutive expression of a
single RT-PCR product across all tissues and life stages
was shown for 15 genes: G03, G10, G13, G14 (ket), G15,
Gle6, G17, G20, G23, G27, G28 (shkr), G29, G31, G37,
G43 (pi). In contrast, transcripts detected for orthologs
G04, GO05, GO6, GO8, G11, G12, G22, G26, G34, G36,
G40, and G39 showed differential expression across
growth stages or tissues, of which G22 and G26 appeared
to be preferentially expressed in the adult male (Fig. 2).
Expression profiles for G04, GO5, G26, G36, and G42 were
consistent among replicates, but showed some unexpected
trends when comparing the fourth and fifth instars. Tran-
scripts for those genes were detected in certain tissues from
the fourth and fifth instars, but were below the limits of
detection in whole larvae (see “Discussion” for further
comments). Loci near G04 also showed relatively low
expression in B. mori fifth instar larval tissues, and this is
consistent with the limited expression observed in O. nu-
bilalis fifth instar tissues. Profiles for G06, G08, G09, G12,
G15, G18, G19, G21, G24, G25, G26, G30 G32 (Idh), G34,
G36, G39, G40, G41, and G42 displayed multiple bands
indicating the possibility of alternative splice variants for
these orthologs in the cDNA pools that were tested (Fig. 2).
G25 also showed expression of large transcripts specific to

8-09 Merged consensus
ciM Z Loci cM Loci
i T G13
— G12
11.0 —1 G 1.5 — i{keﬂﬁm
— Go4
121 —] e | o
— Goz : E-ACC_700-M-CAT-0162
g-g % _/ E-AGC800-M-ACG-0176
201 — 32— |-/ E-AGG 800-M-ACG-0285
(ldh) G32 32 |/ E-ACC 700-M-ACG-0178
16.9 — 9.6 — Go4
—— G31 10.7 — oh
B L (ldh) G32
21.5 —
— G341
6.0 (shkr) G28
10.6 —
—— E-AGC_800-M-TG-0184

markers 33 and 38 to an autosomal locus that co-segregates with an
AFLP in the 8-04 pedigree and which is syntenic to a region on B.
mori Chromosome 13
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Fig. 2 Expression profiling of O. nubilalis genes compared to the
microarray expression data of Z-linked gene orthologs in tissues of
fifth instar B. mori larvae. Constitutive, tissue-specific, and life-stage
specific profiles exist for Z gene orthologs in O. nubilalis. Although
not shown, banding patterns are representative of all three biological
expression replicates gathered for each individual gene. Expression
profiles varied for tissues between O. nubilalis and B. mori, although
qualitative assessment of the data indicate relative conservation in
patterns for many genes in the fifth instar tissues. This is most clear
for the homologs G03—G06 that showed lower levels of expression in
B. mori and were near the limits of detection in O. nubilalis (indicated
by braces). Splice variants are apparent in the cDNA expression
profiles for 18 genes (G06, G08, G09, G12, G18, G19, G21, G24,
G25, G26, G30, G32 (Idh), G34, G36, G39, G40, G41, and G42)
analyzed in O. nubilalis. Inversions are apparent at both O. nubilalis Z
chromosome ends (crosses) compared to the B. mori chromosome 1
scaffold. These are associated with changes in gene expression. This
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5 syntenic to Bombyx mori chromosome 13

is clear for G28 expression, which is robust in O. nubilalis, but is
expected be near the limits of detection (like G04) based on the
relatively low expression levels observed in B. mori. A putative
autosomal translocation of G23 off the Z chromosome in O. nubilalis
(asterisks, top) was identified by mapping. Autosomal genes were
detected that are likely to be paralogs of G33 and G38 (asterisks,
bottom). Em, embryo; NN, neonate; second—fifth, larval instars;
P pupae, F female adult, M male adult, Ca carcass, Hd head, FB fat
body, HC hemocytes, Gu gut, Int integument, Std molecular
standards. B. mori raw microarray data was retrieved and analyzed
from SilkDB (Duan et al. 2010; Xia et al. 2007; Zha et al. 2009). Loci
that mapped to the O. nubilalis Z chromosome are boxed. Except for
identified inversions, the genes are presented in the order in which
they appear on the B. mori Z chromosome and chromosome 13.
Primer pairs for GO1, GO7 and G35 were located immediately
adjacent to and across large intronic sequences, and failed to amplify
PCR products from O. nubilalis cDNA
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fifth instar Ca, Hd, and FB tissue samples (Fig. 2). Unex-
pected patterns were observed for loci at the end of the Z
chromosome where linkage mapping indicated there is an
inversion in O. nubilalis relative to B. mori. In B. mori,
expression levels for loci near G28 (shkr) display lower
levels of expression in the fifth instar tissues. While these
loci would be expected to be near the limits of detection
(based on our observations of loci in the G04 region), RT-
PCR products were relatively intense. These patterns were
consistent across replicates.

Discussion

Genes encoded on the Z chromosome of Lepidoptera are
involved in the differentiation of ecotypes and speciation
(Hagen and Scriber 1989; Sperling 1994; Jiggins et al.
2001a, b), but the isolation of genes or chromosome
regions regulating these traits is hindered in part by the
absence of a dense genetic linkage map for each species
(Marcus 2005). To partially address these shortfalls, we
created a genetic linkage map for the O. nubilalis Z
chromosome that was based on gene orthologs that can be
identified across multiple species of Lepidoptera. The
O. nubilalis map is one of the most comprehensive reported
to date for a Z chromosome in Lepidoptera with a total of
13 markers that span 89.0 cM (8.1 £ 6.2 cM between
markers). Intervals on the O. nubilalis Z chromosome that
influence diapause (pdd) and pheromone response (resp)
QTL have been identified, where a tpi polymorphism
shows tight linkage with pdd (Glover et al. 1992; Dopman
et al. 2004, 2005). A BAC clone encompassing the tpi
locus was identified and will be a valuable resource for
isolating the putative genome region encompassing pdd
(Coates et al. 2009). Dopman et al. (2005) positioned the
resp QTL 20.0 cM from Idh and ~7.5 cM from the
microsatellite marker mal69. The merged map generated
in this study placed markers G31 and G28 (shkr) in the
vicinity of the predicted resp QTL, and are ~21.5 and
27.5 cM from Idh, respectively. Estimates from B. mori
suggest there are about 0.25 Mbp of physical distance per
cM (Xiang et al. 2008), but this estimate may vary across
genome intervals and species due to chromosomal struc-
tural differences (Roberts 1965; Myers et al. 2005). If a
similar physical distance per cM exists in O. nubilalis,
markers G31 and G28 could be located within 0.375 to
1.875 Mb of resp, a distance that could likely be easily
spanned using BAC clones from the OnB1 library.

In addition to being a genomic resource for O. nubilalis,
the orthologous SNP markers for the Z chromosome will
be a useful tool for comparative analysis among species
of Lepidoptera, as we predicted orthology for 43 loci
from 10 species by PCR screening (Table 4). Putatively

orthologous markers need to be further validated as true
orthologs by sequencing and database comparisons if
legitimate conclusions regarding structural genome evolu-
tion are to be drawn from resulting datasets (Devos et al.
1999; Doganlar et al. 2002). Sequencing and evidence of
map position were used to further validate orthology
among the 13 markers co-segregating on the O. nubilalis Z
chromosome, which suggested that 3 homologous loci
(G23, G33, and G38) in O. nubilalis did not co-segregate
with the known Z chromosome anchor markers, G14 (ket)
and G32 (Ildh) (Table 6).

Aberrations involving breakage, fusion, inversion and
translocation of chromosomal regions occur throughout
evolution, and the resulting rearrangements often define
differences between closely related species (Kirkpatrick
and Barton 2006). Chromosomal mutations are not
uncommon in the Lepidoptera (Marec et al. 2001; Rego
and Marec 2003; Sahara et al. 2003; Yokoyama et al. 2003;
Abe et al. 2005), and have even been used to facilitate fine
mapping of Z chromosome regions in B. mori (Fujii et al.
2008). Using three aberrant chromosomes resulting from
intra and inter-chromosomal recombination, Fujii et al.
(2008) fine mapped the chromosome breakage points and
isolated a candidate gene for the distinct oily (od) mutant
phenotype in the silkworm. A translocation event between
the W and Z chromosomes was documented to result in a
hybrid WZ chromosome causing a lethal phenotype when
transmitted to female progeny (Fujii et al. 2006). Addi-
tional rearrangements have been documented to cause male
muscle dystrophy and abnormal oogenesis in B. mori
females (Fujii and Shimada 2007).

Translocations of a Z chromosome region carrying sex-
linked recessive lethal mutations have been used to create
balanced lethal strains in B. mori (Strunnikov 1975) and
the Mediterranean flour moth, Ephestia kuehniella (Marec
1990), but were induced through the use of mutagens
(North and Holt 1968). Naturally occurring chromosomal
breakage and fusions have been reported in the Sonoran
blue butterfly, Philotes sonorensis (Emmel et al. 1973), that
may be involved in the evolution of the supernumerary A
and B chromosomes (Maeki 1958). We provided evidence
that three putative Z chromosome orthologs are inherited as
autosomal loci (G23, G33, and G38), which suggests that
these markers could each be detecting a paralogous gene or
a genome rearrangement compared to B. mori. The two
putative chromosome rearrangements are addressed below.

The first putative translocation involves marker G23 that
showed autosomal inheritance in O. nubilalis. G23 is a
homolog of the ribosomal protein L36E gene (rpL36E) that
is located at nucleotide positions 4,988,669-4,991,978 on
B. mori chromosome 1. Sequencing confirmed that G23
shares 65% identity and 80% homology to amino acids
encoded by nucleotide positions 37-126 of the B. mori
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rpL36E gene (BGIBMGAO001991). Although our tblastx
search of the B. mori genome sequence indicated that
closely related paralogs are not present within the assembly
(E-values < 3.2), we cannot exclude the possibility that
marker G23 may be detecting a paralog within the O. nu-
bilalis genome. It is also possible that the ortholog of the
rpL36E gene does exist on the O. nubilalis Z chromosome,
but that it failed to be amplified by our degenerate primers.
The mapping of markers that flank G23 may provide
confirmatory evidence for this putative translocation, and
this is being pursued.

The second putative translocation involved two markers,
G33 and G38, which co-segregated with one another and a
single AFLP marker. Since the orthologous B. mori Z
chromosome region between the G33 and G38 homologs
(positions 17,058,197-19,225,441) includes the Idh gene
(positions 17,340,557-17,349,331), retention of the Idh
marker on the O. nubilalis Z chromosome would necessi-
tate changes in micro-synteny prior to the translocation.
Investigation of the B. mori genome assembly indi-
cated that chromosome 13 contained potential paralogs
for both G33 and G38. Specious detection of gene
BGIBMGAO001167 on chromosome 13 by primers target-
ing G33 (BGIBMGAO012229) may be due to both genes
being annotated as DNA-binding ETS-domain containing
transcription factors. Analogously, the B. mori Z chromo-
some-linked homolog of G38 (BGIBMGAO012328) shows
high levels of homology with BGIBMGA001299 on
chromosome 13, thus these two annotated amino acid
transporter genes likely represent paralogs within the B.
mori genome. Although not intended, the present study
indicates that these orthologous regions of the B. mori
chromosome 13 are conserved in O. nubilalis. It is possible
that homologs of these genes also exist on the O. nubilalis
Z chromosome, but failed to be isolated using our current
methods. While G33 and G38 failed to contribute to our
analysis of the O. nubilalis Z chromosome, the autosomal
mapping of these loci highlights the need for scrutiny
during marker validation to avoid spurious detection of
structural changes between species (Fulton et al. 2002).

The comparison of synteny and co-linearity among
genomes has been shown to be an effective method to
identify ancestral linkage relationships and genome-level
rearrangements (Feltus et al. 2006; Fredslund et al. 2006)
and also to map shared traits (Schmidt 2000; Delseny
2004). Compared to B. mori, markers for the genes pi and
apterous were shared on the Z chromosome of the postman
butterfly H. melpomene (Yasukochi et al. 2006) and
inversions have been demonstrated in the squinting
bush brown butterfly Bicyclus anynana (Beldade et al.
2009). Compared to the B. mori chromosome 1 (Z), the
B. anynana inversions took place in regions syntenic to
positions 1-10.88 Mb, but as Lepidoptera have holocentric
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chromosomes that do not exhibit primary constrictions
indicative of centromeres (Murakami and Imai 1974), we
cannot assign such rearrangements to chromosome “arms”
(Wolf 1996). The tobacco hornworm moth Manduca sexta
was found to have an inversion (relative to B. mori)
encompassing nearly half of the Z chromosome (Yasukochi
et al. 2009), and studies by Beldade et al. (2009) and Ya-
sukochi et al. (2009) confirm that rearrangements have
affected the structures of the Z chromosome among lepi-
dopteran lineages. Compared to the B. mori physical map,
the O. nubilalis genetic linkage map predicted two putative
inversions, one involving markers G31 and G28, and the
second involving markers G12, G13, and G14 (Figs. 1, 2).

The first putative inversion involved markers G31 and
G28 in O. nubilalis and is similar to the Z chromosome
inversion present in M. sexta (Yasukochi et al. 2009).
Although speculative in lieu of analogous genetic linkage
map data from other species and additional flanking
orthologous markers in O. nubilalis, inversions in this
region may be a common feature of the Z chromosome in
moths when compared to butterfly lineages.

The second putative inversion involves a 16.8 cM
region of the O. nubilalis Z chromosome defined by
markers G12, G13, and Gl4. The structural change
involved a large segment that was also shown to be
inverted in B. anynana (Beldade et al. 2009), and indicates
the inversion may be common across multiple lineages of
Lepidoptera. Despite confidence in the detection of this
gross structural change, the juxtaposition of closely spaced
markers G13 and G14 complicates the accuracy of pre-
dicted rearrangements and fine-scale inversions may be
present. Given the proximity of orthologous markers G13
and Gl14 in the B. mori genome (~0.5 Mb apart), data
from our F, progeny are not sufficient for fine mapping. In
order to provide higher resolution and the ability to esti-
mate micro-synteny, a larger number of recombinants is
typically required (Darvasi and Soller 1995). Some degree
of shared micro-synteny was identified in our study by the
isolation of a single OnB1 BAC clone (64B04) that con-
tains the orthologs G11 and G12 which, in the B. mori
genome, are spaced within a 14.6 kb interval.

Expression of O. nubilalis Z chromosome orthologs

Synteny and conservation of gene orders on the Z chro-
mosome among lepidopteran lineages predicts that some
level of conservation for gene expression patterns could
also exist between species. Although dosage compensation
could not be assessed by our RT-PCR analyses that were
more qualitative than quantitative, the tissue-specific
expression profiles for Z chromosome gene orthologs in
O. nubilalis were qualitatively similar to expression levels
found in fifth instar B. mori larvae (Fig. 2). This is



Mol Genet Genomics (2011) 286:37-56

53

exemplified by the region encompassing markers G03-G06
where expression was difficult to detect in O. nubialis fifth
instar tissues and also shows reduced expression levels in
B. mori fifth instar tissues (Fig. 2). On the other hand,
robust detection of transcripts near the end of the Z chro-
mosome was unexpected as was the case for G28 (shkr),
and demonstrates that a chromosomal rearrangement may
be associated with altered transcript levels of this gene in
O. nubilalis compared to B. mori.

The region of the Z chromosome spanning G04-G06 in
O. nubilalis also showed consistent transcriptional regula-
tion (G06 and GO5 with preference for HC expression; G04
encoding a cuticular protein transcript observed specifi-
cally in NN larvae and premolt fourth instar Ca, Hd,
FB, and Gu tissue samples), suggesting that regulated
transcriptional controls have evolved for these genes in
O. nubilalis. Additionally, G25 also displayed a large
transcript splice variant only apparent in the fifth instar Ca,
Hd, and FB samples (Fig. 2). Specific expression in FB and
HC samples may be indicative of transcripts involved in
regulating immune functions, whereas the tight regulation
of the mapped cuticular protein gene GO4 may be due to
specific restructuring events targeted during molts. Gene
induction and silencing for specific temporal events during
immune cascades, metamorphosis, starvation, and envi-
ronmental responses is common and has been demonstrated
with many lepidopteran microarrays and EST profiles
(Halitschke et al. 2003; Davies et al. 2006; Cheng et al.
2008; Khajuria et al. 2009).

The expression patterns for G04, GO5, G26, G36, and
G42, showed consistent expression in tissue replicates from
fourth instars but did not appear in the fourth instar whole
larval samples from life-cycle replicates. The amount of
tissue-specific material used for template cDNA production
in pooled tissue samples (10—40 individuals) was well over
an order of magnitude greater than what would have been
represented by the one or two fourth and fifth instar larvae
used in the whole body life cycle samples (see “Materials
and methods”). Thus, weakly expressed gene transcripts
may be below detection levels in life cycle screens but
show up strongly in pooled tissue samples from 10 to 50
representative larvae.

Comparative analyses of gene expression between B.
mori and O. nubilalis were further complicated by what
appear to be splice variants for markers G06, GOS8, G09,
G12, G18, G19, G21, G24, G25, G26, G30, G32 (Idh),
G34, G36, G39, G40, G41, and G42, where these alterna-
tive splice variations would not be accounted for in the
analysis of B. mori microarray data (Fig. 2). Alternatively,
the observed cDNA profiles may result from the concurrent
PCR amplification of multiple paralogs. Extended analyses
to resolve the gene sequence of alternative transcripts
for life-stage specific, tissue specific, and genes exhibiting

multiple PCR bands in expression profiles are currently
underway.

Further assessment will be required to elucidate the
factors regulating genes present on the O. nubilalis Z
chromosome. Nevertheless, these data offer interesting
insights and generalizations regarding the expression of
Z-linked genes in Lepidoptera, and open new possibilities
for comparative genomic evaluation between species.

Conclusions

Increased resolution of the O. nubilalis Z chromosome map
will provide a platform for future mapping of additional
sex-linked traits and for identifying the QTL governing
pheromone induced male behavior and voltinism in this
insect. These traits can be extremely important for all pest
species whose inherent ability to find mates and whose
generation times directly impact the establishment of
economic injury levels in agricultural systems. This study
provides an enhanced map of the Z chromosome in
O. nubilalis, incorporating and comparing a genetic map,
gene expression data, and sequence data gathered for a
panel of 43 genes that, based on the B. mori genome
assembly, were predicted to be sex-linked in O. nubilalis.
These results suggest the existence of chromosomal rear-
rangements occurring in O. nubilalis compared to B. mori
and also provide a solid platform for analyzing and geno-
typing sex-linked traits in pest populations. The expression
data described by this study offer a novel glimpse into the
life-stage and tissue-specific expression for sex-linked
genes in O. nubilalis, allowing for new predictions in gene
activity to be made for this agriculturally relevant insect.
The data presented herein also provide new and valuable
insights into the evolution of lepidopteran chromosomal
structures.
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