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ABSTRACT. We have constructed a bacterial artificial chromosome
(BAC) library for a European honey bee strain using the cloning en-
zyme HindIII in order to develop resources for structural genomics re-
search. The library contains 36,864 clones (ninety-six 384-well plates). A
random sampling of 247 clones indicated an average insert size of 113 kb
(range = 27 to 213 kb) and 2% empty vectors. Based on an estimated
genome size of 270 Mb, this library provides approximately 15 haploid
genome equivalents, allowing >99% probability of recovering any
specific sequence of interest. High-density colony filters were gridded
robotically using a Genetix Q-BOT in a 4 x 4 double-spotted array on
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22.5-cm2 filters. Screening of the library with four mapped honey bee
genomic clones and two bee cDNA probes identified an average of 21
positive signals per probe, with a range of 7-38 positive signals per probe.
An additional screening was performed with nine aphid gene fragments
and one Drosophila gene fragment resulting in seven of the nine aphid
probes and the Drosophila probe producing positive signals with a range
of 1 to 122 positive signals per probe (average of 45). To evaluate the
utility of the library for sequence tagged connector analysis, 1152 BAC
clones were end sequenced in both forward and reverse directions,
giving a total of 2061 successful reads of high quality. End sequences
were queried against SWISS-PROT, insect genomic sequence GSS,
insect EST, and insect transposable element databases. Results in spread-
sheet format from these searches are publicly available at the Clemson
University Genomics Institute (CUGI) website in a searchable format (http:/
/www.genome.clemson.edu/projects/stc/bee/AM__Ba/).

Key words: Bacterial artificial chromosome, BAC, Honey bee,
Comparative genomics, BAC end sequencing, STC

INTRODUCTION

The honey bee (Apis mellifera L.) has long been important for honey production and
for the pollination of crops. Yield increases of U.S. crops attributed to honey bee pollination
were recently estimated at $14.6 billion (Morse and Calderone, 2000). Aside from its economic
importance, this bee has been an important organism for behavioral studies. Interest in honey
bees is a natural consequence of the long history of apiculture and of observations that have
been made of activities of bees both outside and within the colony. Recently, the western honey
bee has been of great interest primarily in two areas. Behavioral scientists have used this bee to
study division of labor, communication, and the evolution of sociality. Neurobiologists and
behaviorists have also used the honey bee as a model organism for studying the molecular basis
of learning (Menzel, 1983, 1990, 1999; Menzel and Müller, 1996; Erber et al., 2000).

As a social insect, the honey bee lives in colonies with a single reproductive female, the
queen that normally mates with 7-20 males (drones) and stores the sperm in a spermatheca
(Adams et al., 1977; Estoup et al., 1994). Bees and other insects of the order Hymenoptera are
haplodiploid. Mated queens have the ability to lay unfertilized eggs. But if the cell of the
honeycomb that a queen inspects is small in width, then the egg is fertilized as it passes down
the oviduct. Fertilized eggs become nonreproductive females (workers). The queen lays
unfertilized eggs in the larger “drone cells” and these eggs develop parthenogenetically as
haploid drones. How natural selection acts on a genome that is alternatively expressed in haploid
and diploid individuals is an interesting evolutionary question. A related question is the pattern
of gene expression in male and female bees. Since the workers perform all of the tasks necessary
for the maintenance and growth of the colony and only workers are diploid, many genes may be
sex-limited in expression.

In addition to haploid males, honey bees offer some other interesting advantages for
genetic analysis. Artificial insemination is a routine technique with the honey bee (Laidlaw and
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Page, 1997). The bee has a genome that is only a little larger than that of Drosophila (about 270
Mb; Jordan and Brosemer, 1974; Crain et al., 1976). Bees have only 8-10% repetitive DNA
(Jordan and Brosemer, 1974; Crain et al., 1976). It also has been reported that honey bees have
a higher rate of meiotic recombination than any known for a metazoan (Hunt and Page, 1995;
Beye et al., 1999). The high recombination rate effectively increases the accuracy of linkage map-
ping. The high recombination rate and the low incidence of repetitive DNA should facilitate
map-based cloning of genes in the honey bee.

The behavior of the honey bee has been more thoroughly studied than its genetics.
There is a division of labor in bee colonies that arises from age-based behavioral progression
through various tasks (Lindauer, 1953a,b). But division of labor is also influenced by genetic
predisposition to perform certain tasks. Recently, there have been attempts to explain aspects of
division of labor based on physiology, neurobiology and genetics (Page and Robinson, 1990;
Calderone and Page, 1991; Huang and Robinson, 1999; Page and Erber, 2002). Detailed linkage
maps of the honey bee genome have been constructed for use in behavioral genetics studies
(Hunt and Page, 1995; Hunt et al., 1998; Page et al., 2000; Guzmán-Novoa et al., 2002). Male
haploidy can be used as a tool to study the genetics of behavioral traits in bees because the
drone transmits the same genome to all of his worker progeny, and haploids facilitate genetic
analyses. By backcrossing individual drones from an F1 queen to one of the parental lines,
whole-colony phenotypes can be compared in a segregating panel of colonies, and phenotypes
can be correlated with the inheritance of specific markers from each drone father. Quantitative
trait loci (QTL) that influence colony-level behavioral traits in bees have been mapped and
most of these QTL have been confirmed in independent crosses (Hunt et al., 1995, 1998, 1999;
Page et al., 1995, 2000). Recently, QTLs that influence learning performance have been mapped
based on the performance of individual drones (Chandra et al., 2001).

An essential tool for characterizing genomes is the availability of large-insert genomic
libraries. The bacterial artificial chromosome (BAC) library system has become the primary
tool for generating large insert libraries for both plants and animals. The BAC vectors from the
mini-F plasmid allow cloning and stable maintenance of large DNA fragments in Escherichia
coli (Shizuya et al., 1992). BAC libraries are popular for a number of reasons, including: ease
of handling, relative simplicity to develop, and low frequency of chimeric clones (Shizuya et
al., 1992). A number of BAC libraries have been developed for various domesticated animal
species, such as bovine, dog, goat, horse, rabbit, sheep, and swine (Schibler et al., 1998; Goddard
et al., 1998; Zhu et al., 1999; Li et al., 1999; Vaiman et al., 1999; Buitkamp et al., 2000; Anderson
et al., 2000; Rogel-Gillaird et al., 1999, 2001; Fahrenkrug et al., 2001). Published reports of
BAC libraries for important insect species are rare, although there are several for Drosophila
and the silkworm (Wu et al., 1999; Hoskins et al., 2000). In this report, we describe the con-
struction and characterization of a large insert genomic honey bee BAC library.

MATERIAL AND METHODS

BAC library construction

The BAC vector pCUGI1 was utilized and prepared as described by Luo et al. (2001).
Megabase bee DNA was obtained from haploid drone pupae from a single, inbred queen of
European origin. Fresh bee pupae were placed in a 1X Dulbeccos phosphate-buffered saline
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solution (GibcoBRL, Grand Island, NY, USA) and gently  macerated in a Dounce tissue grinder
with a loose piston. Large debris were removed by passing the mixture through one layer of
Miracloth. Cells were then adjusted to a concentration of approximately 5 x 108 cells per ml
and imbedded in a 1:1 (v/v) ratio with 1.2% agarose (final concentration of 0.6%). The agarose
plug mixture was solidified in 75 µl plug molds (Bio-Rad, Hercules, CA, USA) and processed
with lysis buffer and proteinase K as described by Peterson et al. (2000). Partial digests of
megabase DNA (using HindIII), size selections, and ligations were performed as described in
detail by Peterson et al. (2000). Recombinant colonies were picked using the Genetix Q-bot and
stored individually in one hundred ninety-two 384-well microtiter plates (Genetix). Three copies
of the library were made and stored in separate -80°C freezers.

BAC clone characterization

To prepare BAC DNA, 3 ml LB chloramphenicol (12.5 µg/µl) cultures were grown
overnight in 6-cell autogen tubes and miniprepped robotically (Autogen 740 plasmid isolation
system). To estimate insert size and determine the distribution of clone size, 247 BAC preps
were performed from clones selected at random throughout the library. The BAC DNA was
digested with 7.5 units of NotI (10 h at 37°C) and analyzed by pulsed field electrophoresis in
1% agarose gels (6 v/cm, 5-15 s switch time, 15 h run time, 14°C).

BAC library screening

High-density colony filters for hybridization-based screening of the library were
prepared using the Genetix Q-bot. Clones were gridded in duplicate using a 4 x 4 array on 22.5-cm
square Hybond N+ filters (Amersham). This gridding pattern allows 18,432 clones to be
represented per filter. Colony filters were treated and hybridized using standard techniques
(Sambrook et al., 1989). Radiolabeling (32P) of probe DNA and hybridization of colony filters
were performed using standard techniques (Sambrook et al., 1989). Four mapped honey bee
genomic clones, two bee cDNAs, nine pea aphid growth/developmental gene fragments, and one
Drosophila simulans gene fragment were used to screen the bee BAC filters. The probes and
their descriptions are listed in Table 1. The bee probes were obtained from the laboratory of Greg
Hunt (Purdue University) while the pea aphid and Drosophila probes were obtained from the labo-
ratory of David Stern (Princeton University). Probes were prepared by radiolabeling (32P) gel puri-
fied plasmid inserts. Protocols for hybridizing high-density BAC colony filter arrays and de-
termining addresses of positive signals are publicly available at the Clemson University Ge-
nomics Institute (CUGI) website (www.genome.clemson.edu).

BAC end sequencing

Preparation of BAC DNA for end sequencing was done in a 96-well format using
standard alkaline lysis miniprep techniques. Sequencing reactions were set up according to
manufacturer instruction for the Big Dye Terminator chemistry (Applied Biosystems). Reactions
were performed using both forward and reverse universal primers. Samples were loaded onto
48-lane sequencing gels in ABI377 automated sequencers. Gels (250 ml) were composed of
the following: 5% Long Ranger (FMC), 6 M urea, 18 µl TEMED, 150 µl ammonium
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persulfate (10% stock), and 1X TBE buffer. Reaction products were electrophoresed for
3.5 h. Base-calling was performed automatically using PHRED (Ewing and Green, 1998;
Ewing et al., 1998), and vector sequences were removed by CROSS-MATCH (http://
www.genome.washington.edu). High-quality BAC end sequences (defined as those having >100
nonvector bases with a PHRED quality value of 20 or greater) were used as queries in FASTX
searches against SWISS-PROT, GenbankNR, insect genomic sequence GSS, insect expressed
sequence tags (EST), Drosophila, and insect transposable element databases using a low-
complexity sequence filter (in-house Perl script). All software was run locally on a Sun Ultra30
workstation using Solaris 2.6. Bee BAC end sequences have been submitted to GenBank under
accession numbers BH814978 to BH817038. Database query results may be viewed and/or searched
at the following CUGI web site: http://www.genome.clemson.edu/projects/stc/bee/AM__Ba/.

RESULTS

BAC library construction and characterization

A BAC library was constructed for a European strain of honey bee that is suitable for
physical mapping, sequence tagged connector (STC) development, and cloning genes asso-
ciated with important agricultural and behavioral traits. The strain that was used is vouchered at
the laboratory of R.E. Page (Department of Entomology, University of California, Davis, CA,
USA). HindIII was used as the cloning enzyme. The library consists of 36,864 clones stored in
ninety-six 384-well microtiter plates. Approximately 2% of the clones do not contain inserts, as
judged by random analysis of BACs sampled from the library. A random sampling of 247
BACs indicated an average insert size of 113 kb with a range of 27 to 213 kb. Based on a
haploid genome size of 270 Mb, the coverage of the library is approximately 15 haploid genome
equivalents, resulting in a 99% probability of recovering any specific sequence. Figure 1

 Table 1.  Bee BAC library hybridization results using four mapped honey bee genomic clones, two bee cDNAs,
and ten developmental gene probes from other insect taxa. Two high-density BAC colony filter arrays were used
for each probing providing a screen of approximately 15 haploid genome equivalents.

Probe

BAC, bacterial artificial chromosome; QTL, quantitative trait loci.

A11.31
A64.084
A64.267
N4R
Bar6
Glu
Distalless
Ladybird
HSP70
Scr/Dfd
Vasa
Pax6
Gooseberry
Pox-meso
Fused
Ubx

No. hits

7
13
32
11
38
25
23
4
1

122
63
34
37
0
0

75

Description

Bee genomic clone, linked to defensive-behavior QTL, sting2
Bee genomic clone, linked to defensive-behavior QTL, sting3
Bee genomic clone, linked to body-size QTL
Bee genomic clone, linked to defensive-behavior QTL, sting1
Bee cDNA clone, gene for dopamine receptor
Bee cDNA clone, gene for glutamate transporter
Aphid gene involved in leg development, genomic PCR fragment
Aphid Hox gene involved in somatic muscle development, genomic PCR fragment
Aphid heat shock gene, genomic PCR fragment
Aphid Hox gene complex
Aphid germ-cell specific gene, genomic PCR fragment
Aphid eyeless gene (paired domain protein), genomic PCR fragment
Aphid neural gene (paired domain protein), genomic PCR fragment
Aphid paired domain protein
Aphid serine/threonine kinase involved in hedgehog signaling
Drosophila simulans (Hox gene), genomic clone
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shows 42 randomly selected clones digested with NotI to release the insert. Because NotI is a
GC-8-base cutter, digestion typically generates up to five insert bands, based on our data.

To determine the size distribution of BAC clones in the library, the 247 BACs analyzed
by NotI digests were grouped by insert size and the insert size of each clone was plotted against
the frequency of each group of clones represented in the library (Figure 2). A majority of the
clones in the library (82%) are 100 kb or larger.

To test library coverage and isolate genomic regions putatively associated with important
traits such as aggressive behavior and body size, two BAC colony filters (representing 15
haploid genome equivalents) were screened using purified inserts from six different bee probes
(Table 1). Three of the bee probes were small-insert genomic clones linked to QTLs associated
with aggressive behavior while another genomic clone was linked to a QTL for body size. Two
more probes were bee cDNAs representing genes for a dopamine receptor and a glutamate
transporter. These genes are likely to influence key neurological processes and behavior. The
wide range of positive signals identified between probes (range = 7 to 38) may be indicative of the
effects of preferential cloning obtained from the use of restriction enzymes. Nevertheless, an
adequate number of positive clones was obtained for all of the bee probes. The average number
of hits (21) was slightly above the expected estimate of 15 positive signals per probe, suggest-
ing a higher frequency of HindIII sites in some of the targeted regions of the genome. The use
of restriction endonucleases for DNA fragmentation in the construction of BAC libraries may
involve preferential cloning of some genomic regions, and under-representation of other re-
gions.

A second set of hybridization experiments was performed to identify regions of the bee

Figure 1.  Pulsed field gel analysis of 42 randomly selected bee bacterial artificial chromosome (BAC) clones digested with NotI.
Ethidium bromide stained CHEF gel  (5-15 s switch time, 15 h, 14°C, 0.5X TBE) showing insert DNA above the common 7.5-kb
pCUGI1 vector band.  Molecular weight marker is the Midrange 1 (NEB, Beverly, MA, USA).
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genome associated with growth and development. To do this, a set of nine pea aphid clones and
one Drosophila clone were obtained from the laboratory of David Stern (Princeton University).
All of the genomic clones were fragments of transcription factors and cell signaling genes
associated with various aspects of insect development. Seven of the nine aphid probes and the
Drosophila probe produced positive signals with a range of 1 to 122 positive signals per probe
(average of 45). Some of the gene probes (e.g., Scr/Dfd and Ubx) obviously contained motifs
common to various transcription factor gene families (eg., Hox sequences) and resulted in a
large number of hits. Data from this hybridization experiment show that it is possible to identify
homologous regions between highly divergent insect taxa. The identification of these BAC
clones will allow for detailed studies in evolution and development by comparing large
homologous genomic regions among diverse insect taxa.

BAC end sequencing

To examine the feasibility of using an STC strategy (Venter et al., 1996) to establish a
framework for sequencing the bee genome, we sequenced and analyzed the ends (forward and
reverse) of the first 1,536 clones in the library. A total of 3,072 sequencing reactions were
performed giving 2,685 reads (success rate = 87%). High-quality sequences were defined as
those having >100 high-quality bases other than the vector and E. coli sequences and a PHRED
score of 20 or greater. The number of high-quality sequences was 2,061, with an average high-
quality base count of 235. High-quality nonredundant sequences were searched against the
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Figure 2.  Insert size distribution of bacterial artificial chromosome (BAC) clones in the bee BAC library.  To estimate insert size
range, BAC DNA from 247 randomly selected clones was analyzed, as shown in Figure 1.  The average insert size is 113 kb, with
82% of the clones equal to or greater than 100 kb.
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GenbankNR database using the FASTX algorithm. A probability cutoff value (E value) of at
least 10-6 was used to assign putative identities to the STCs.

The GenbankNR search resulted in 261 (9.7%) of the sequences showing similarity to
genes of known function. Significant search results were then sorted into seven different functional
categories (Table 2). The largest grouping of hits was to hypothetical or unclassified proteins and
represented nearly half (48%). The next largest group (16%) of the STCs shared sequences similar to
insertion elements and encoded maturases, transposases, integrases, and various other viral type
proteins. A roughly equivalent amount of STCs were those involved in metabolism (16%), followed
by STCs involved in regulatory roles (9%), structural roles (5%), cell communication/division (3%),
and ribosomal (2%). Of the highly significant STCs showing similarity to various proteins, 11%
were best matches to Drosophila melanogaster proteins. The rest of the hits were to a wide variety of
eukaryotic organisms. The bee STC query results of the GenbankNR database are publicly available
at the CUGI website: (http://www.genome.clemson.edu/projects/stc/bee/AM__Ba/)

Table 2. Results from query of bee BAC end sequences against the GenbankNR Protein database. Significant hits
(N = 261, E < 1 x 10-6) were categorized according to function. These results are based on the proportion of
sequences showing hits, not reads.

Functional category   No. Percent

BAC, bacterial artificial chromosome.

Retroelement related
Enzymatic
Regulatory (kinase, phosphatase, transcriptional, transport)
Structural
Ribosomal
Hypothetical/unclassified
Cell defense, communication, and division

42
41
24
14
5

126
7

16
16

9
5
2

48
3

DISCUSSION

We describe the development and characterization of a high-quality BAC library for
the European honey bee. This large insert library provides an important resource for map-
based cloning as well as for genome sequencing. The library has been deposited in the CUGI
BAC/EST Resource Center and is publicly available. Requests for the library, high-den-
sity BAC colony filter arrays and clones can be made by accessing the CUGI web page
(www.genome.clemson.edu).

The utility of the library for identifying important regions of the genome associated
with behavioral traits was demonstrated by screening the BAC colony filters with a variety of
single-copy mapping probes and unique genes derived from honey bee DNA. The results were
indicative of the good representation provided by the library, as an average of 21 hits per probing
was obtained for each of the six different single-copy clones. Further, each probe identified no
less than seven clones. Screening the library with genic probes derived from distant insect taxa
was also highly effective as eight out of 10 probes were successful in identifying putative BACs
associated with developmental genes. These results form the basis for using a hybridization-based
approach to identify candidate BACs for genome sequencing among diverse insect taxa for
detailed molecular studies in evolution and development.
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End sequencing of 1,536 BAC clones produced a nonredundant high-quality set of
2,061 STCs. Search results against the GenbankNR databases gave 261 significant hits (>1 x 10-6).
Results were manually sorted according to function. Interestingly, the low number of database
hits we observed in the search results was similar to the results reported previously in a recently
published bee EST project (Whitfield et al., 2002). Given that the complete genomic sequence
of Drosophila is now available, we were also surprised at the low levels of sequence similarity
between the honey bee and this fruit fly and the large numbers of hits obtained on distantly
related eukaryotes, primarily Chordata. Whitfield et al. (2002) also noted this trend with ESTs
and concluded that this was due to a high level of divergence and gene loss events in Drosophila.
The only conclusion that can be drawn at this point, based on both BAC end sequence and EST
data, is that the bee genome is highly divergent. As more insect genomes are explored, the
phylogenetics of Apis should become clearer.

A recent announcement from the National Institutes of Health indicates that the
genome of the European honey bee will be sequenced some time in the near future (http://
www.genome.gov/page.cfm?pageID=10002851). In light of this announcement, our BAC
library made from a European strain will provide a powerful tool to use in the study of
bee behavior related to aggressiveness, honey production, foraging traits, and associative
learning.
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