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BAC Libraries: Precious Resources 
 for Marsupial and Monotreme 

 Comparative Genomics 

Janine E. Deakin 
The Australian National University 

Australia 

1. Introduction 

Over the past decade, the construction of Bacterial Artificial Chromoso me (BAC) libraries has 
revolutionized gene mapping in marsupials and monotremes, and has been invaluable for 
genome sequencing, either for sequencing target regions or as part of whole genome 
sequencing projects, making it possible to include representatives from these two major 
groups of mammals in comparative genomics stud ies. Marsupials and monotremes bridge the 
gap in vertebrate phylogeny between reptile-mammal divergence 310 million years ago and 
the radiation of eutherian (placental) mammals 105 million years ago (Fig. 1). The inclusion of 
these interesting species in such studies has provided great insight and often surprising 
findings regarding gene and genome evolution. In this chapter, I will review the important 
role BACs have played in marsupial and monotreme comparative genomics studies. 

 
Fig. 1. Amniote phylogeny showing the re lationship between ‘model’ monotreme and 
marsupial species used in comparative genomic studies.  
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1.1 Monotreme BAC libraries 

Monotremes are the most basal lineage of mammals (Fig. 1), diverging from therian mammals 
(marsupials and eutherians) around 166 million years ago (mya) (Bininda-Emonds et al., 2007). 
Like all other mammals, they suckle their youn g and possess fur, but their oviparous mode of 
reproduction and their rather unique sex chromoso me system are two features of most interest 
to comparative genomicists. BAC libraries have been made for two of the five extant species of 
monotremes, the platypus (Ornithorhynchus anatinus) and the short-beaked echidna 
(Tachyglossus aculeatus). These species last shared a common ancestor approximately 70 mya. 
The platypus genome, consisting of 21 pairs of autosomes and 10 pairs of sex chromosomes, 
has been sequenced (Warren et al., 2008) and a male and a female BAC library constructed (see 
Table 1). Similarly, the echidna genome has nine sex chromosomes and 27 pairs of autosomes, 
with a male BAC library available for this species (Table 1).  

Species Library Name Sex 
Average 

insert size 
(kb) 

Number of 
Clones 

Platypus CHORI_236 Female 147 327,485 
Platypus Oa_Bb Male 143 230,400 
Short-beaked echidna Ta_Ba Male 145 210,048 

Table 1. Available monotreme BAC libraries 

1.2 Marsupial BAC libraries 

Marsupials, a diverse group of mammals with over 300 extant species found in the 
Americas and Australasia, diverged from  eutherian mammals approximately 147 mya 
(Bininda-Emonds et al., 2007) (Fig. 1). They are renowned for their mode of reproduction, 
giving birth to altricial young that usually develop in a pouch. Three species of 
marsupials were chosen as ‘model’ species for genetics and genomics studies 20 years ago: 
the grey short-tailed South American opossum (Monodelphis domestica) representing the 
Family Didelphidae, the tammar wallaby ( Macropus eugenii) from the kangaroo family 
Macropodidae and the fat-tailed dunnart (Sminthopsis macroura) as a member of the 
speciose Family Dasyuridae (Hope & Cooper, 1990). The opossum, the first marsupial to 
have its genome sequenced (Mikkelsen et al., 2007), is considered a laboratory marsupial 
and has been used as a biomedical model for studying healing of spinal cord injuries and 
ultraviolet (UV) radiation induced melanoma (Samollow, 2006). The tammar wallaby has 
also recently had its genome sequence (Renfree et al., 2011) and has been extensively used 
for research into genetics, reproduction and physiology. Although there have been a few 
studies carried out on the fat-tailed dunnart, the recent emergence of the fatal devil facial 
tumour disease (DFTD) has led to the Tasmanian devil replacing it as the model dasyurid, 
with many resources being made available, including genome (Miller et al., 2011) and 
transcriptome sequence (Murchison et al., 2010). These model species represent three 
distantly related marsupial orders, with comparisons between these species being 
valuable for discerning the features that are shared among marsupials and those that are 
specific to certain lineages. BAC libraries have been made for all four species mentioned 
above and are summarized in Table 2. The three current model species will herein be 
referred to simply as opossum, wallaby and devil. 
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In addition to the model species, BAC libraries have also been constructed for the Virginia 
opossum (Didelphis virginiana), another member of the Family Didelphidae and the 
Northern brown bandicoot ( Isoodon macrourus) (Table 2) from the Family Peramelidae. The 
phylogenetic position of the bandicoots, located at the base of the Australian marsupial 
radiation, and some of their more unique features make them interesting animals to study 
(Deakin, 2010). They possess the most invasive placentas among marsupials, with an 
allantoic placenta more like that found in eu therians, which would make them a valuable 
species in which to study genomic imprinting. Th ey also deal with dosage compensation in 
an unusual way by eliminating one sex chro mosome in somatic cells (Hayman & Martin, 
1965; Johnston et al., 2002).  

Species 
Library 
Name 

Sex 
Average 

insert 
size (kb) 

Number of 
Clones 

Didelphis virginiana LBNL-3 Female 170 148,162 

Isoodon macrourus IM Male 125  

Macropus eugenii ME_KBa Male 166 239,616 

Macropus eugenii Me_VIA Male 108 55,000 

Monodelphis domestica VMRC-6 Male 155 276,480 

Monodelphis domestica VMRC-18 Female 175 364,800 

Sarcophilus harissii VMRC-49 Male 140 258,048 

Sarcophilus harissii VMRC_50 Male 140 165,888 

Sminthopsis macroura RZPD688 Male 60 110,592 

Table 2. Marsupial BAC libraries 

2. BACs used for gene mapping and sequencing of target regions 

Prior to the availability of BAC libraries for marsupials and monotremes, gene mapping 
by fluorescence in situ hybridization (FISH) was an arduous task, which relied on the 
isolation of the gene of interest from a lambda phage genomic library. The construction of 
BAC libraries for the species listed above has facilitated the mappin g of many marsupial 
and monotreme genes by FISH. Initially, PCR products were used to screen these BAC 
libraries for genes of interest but more recently overgo probes (overlapping 
oligonucleotides) have proven to be the method of choice, permitting the isolation of 
many genes from one screening, thereby facilitating the rapid construction of gene maps. 
Likewise, before the availability of genome  sequence, isolating and sequencing BACs 
containing genes of interest proved a very useful method for obtaining sequence from 
particular regions of interest. In some cases, even after whole genome sequencing had 
been performed, it proved necessary to take this targeted approach. These mapped or 
sequenced BACs have led to a number of important findings, with examples of those 
having had a significant impact on previous ly held theories reviewed here. Examples 
include the determination of the origins of monotreme and marsupial sex chromosomes, 
the evolution of regions imprinted in euther ian mammals, the unique arrangement of the 
Major Histocompatibility Complex (MHC) in the tammar wallaby and the evolution of the 
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�D- and �E-globin gene clusters. BACs have played a vital role in many more studies using 
gene mapping and/or target region sequencing than can be included in detail in this 
review and hence, other studies that have utilized BACs for these purposes are listed in 
Table 3. This is not an exhaustive list but an indication of the breadth of studies in which 
BACs have played a role.  

Species Genes or Region Purpose Reference 

Echidna and 
Platypus  

SOX 3 Mapping (Wallis et al., 2007b) 

Opossum 
(M.domestica) 

Immunoglobulins Mapping (Deakin et al., 2006a) 

Opossum 
(M.domestica) 

T cell receptors Mapping (Deakin et al., 2006b) 

Platypus DMRT cluster Sequencing 
(El-Mogharbel et al., 
2007) 

Platypus Defensins Mapping 
(Whittington et al., 
2008) 

Platypus  SOX9 and SOX10 Mapping (Wallis et al., 2007a) 

Platypus 
Sex determination 
pathway genes 

Mapping 
(Grafodatskaya et al., 
2007) 

Dunnart LYL1 Sequencing (Chapman et al., 2003) 

Tammar wallaby Prion protein gene Sequencing (Premzl et al., 2005) 

Tammar wallaby 
Immunologulins & T 
cell receptors 

Mapping (Sanderson et al., 2009) 

Tammar wallaby Mucins & Lysozyme Mapping (Edwards et al., 2011) 

Tammar wallaby SLC16A2 Sequencing (Koina et al., 2005) 

Tammar wallaby BRCA1 Mapping 
(Wakefield & Alsop, 
2006) 

Tammar wallaby 
Cone visual 
pigments 

Sequencing (Wakefield et al., 2008) 

Table 3. Studies in marsupial and monotreme comparative genomics that relied on BAC 
clones. 

2.1 Origins of marsupial and monotreme sex chromosomes 

Determining the evolutionary origins of marsupial and monotreme sex chromosomes was 
the driving force behind much of the gene mapping conducted in these species. The 
earliest gene mapping work showed that at least some genes found on the human X 
chromosome were also on the X in marsupials, resulting in the hypothesis that the X 
chromosome of these two mammalian groups had a common origin. Gene mapping using 
heterologous probes and radioactive in situ hybridization (RISH) supported the extension 
of this hypothesis to include monotremes. However, it was only when BAC clones became 
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available for gene mapping that the true evol utionary history of sex chromosomes in these 
species was revealed.  

2.1.1 The marsupial X chromosome 

Like humans, marsupial females have two X chromosomes whereas their male counterparts 
have a X and a small Y chromosome, meaning that they require a mechanism to compensate 
for the difference in dosage of X-borne genes between females and males. Several decades 
ago, it was shown that several X-linked genes in human were also located on the X in 
marsupials and one X chromosome was inactivated in somatic cells to achieve dosage 
compensation. However, even in these early studies, striking differences in the 
characteristics of X inactivation in eutherians and marsupials were evident. Marsupials were 
found to preferentially silence the paternally derived X chromosome rather than subscribing 
to the random X inactivation mechanism ch aracteristic of eutherian mammals. This 
inactivation was found to be incomplete, with  some expression observed in some tissues 
from the inactive X and thus, appeared to be leakier than the stable inactivation observed in 
their eutherian counterparts (reviewed in Coop er et al., 1993). Therefore, there was a great 
interest in investigating the marsupial X chromosome and X inactivation in greater detail, a 
task in which marsupial BAC libraries have been indispensable.  

The first step towards gaining a deeper understanding of X inactivation in marsupials was 
determining the gene content of the marsupial X chromosome. Early gene mapping studies 
showed that not all genes located on the human X chromosome were present on the X in 
marsupials. This was supported by cross-species chromosome painting which showed that 
the human X chromosome could be divided into two regions; one being a region conserved 
on the X chromosome both in marsupials and human, referred to as the X conserved region 
(XCR), and a region added to the X chromosome in the eutherian lineage - the X added 
region (XAR) (Glas et al., 1999; Wilcox et al., 1996). This added region corresponded to most 
of the short arm of the human X chromosome.  

Progress in determining the boundaries of the XCR and XAR was slow until the release of 
the opossum genome assembly, which revealed this boundary in this species and pathed the 
way for detailed gene mapping in a second species, the tammar wallaby. Wallaby specific 
overgos were designed for human X-borne genes from sequence generated by the genome 
sequencing project and used to screen the wallaby BAC library in large pools. BACs for 
these genes were mapped to wallaby chromosomes using FISH. Genes from the XAR 
mapped to chromosome 5 (52 genes) and the XCR genes mapped to the X chromosome (47 
genes). This mapping data enabled comparisons in gene order to be made between wallaby, 
opossum and human, revealing a surprising level of rearrangement on the X chromosome 
between these species (Deakin et al., 2008b).  

One region that was of particular interest for comparative gene mapping in marsupials, 
given the differences in X inactivation be tween marsupials and eutherians, was the X 
inactivation center (XIC) located within the XCR on the human X chromosome. This region 
contains the XIST (X inactive specific transcript) gene, a master regulatory non-coding RNA 
transcribed from the inactive X, and a number of other non-coding RNAs that play an 
important role in X inactivation (reviewed in Avner & Heard, 2001). The XIST gene is poorly 
conserved between eutherian species (Chureau et al., 2002; Duret et al., 2006; Hendrich et al., 
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1993; Nesterova et al., 2001). Sequence similarity searches failed to identify any sequence 
with homology to XIST. As a consequence, a BAC-based approach was taken to determine 
whether XIST was present in marsupials.  

Three independent research teams used similar BAC-based approaches to determine the 
location of genes flanking the eutherian XIC locus on marsupial chromosomes. Shevchenko 
et al (2007) isolated BACs containing XIST-flanking genes as well as other genes from the 
XCR in two opossum species (M.domestica and D.virginiana). FISH-mapping of these BACs 
in both species revealed an evolutionary breakpoint between XIST-flanking genes. Likewise, 
Davidow et al (2007) and Hore et al (2007) mapped BACs identified to contain XIST-
flanking genes from BAC-end sequence data generated as part of the opossum genome 
project and mapped them to different regions of the M.domestica X chromosome. Further 
sequence searches around these flanking genes failed to identify an orthologue of XIST 
(Davidow et al., 2007; Duret et al., 2006) and it was concluded that the XIST gene is absent in 
marsupials (Davidow et al., 2007; Hore et al., 2007). This conclusion was further supported 
by mapping of XIST -flanking genes to opposite ends of the tammar wallaby X chromosome 
(Deakin et al., 2008b). Hence, marsupial X inactivation is not under the control of XIST but 
then this raised more questions regarding marsupial X inactivation. Is there is a marsupial 
specific X inactivation centre? To answer this question, a more detailed investigation of the 
status of inactivation of marsupial X-borne genes was required.  

Fortunately, the BACs isolated for mapping genes to the tammar wallaby X chromosome 
could be used construct an ‘activity map’ of  the tammar wallaby X chromosome, where the 
inactivation status of X-borne genes at different locations along the X was determined. By 
using RNA-FISH, a technique that detects the nascent transcript, it was possible to determine 
the inactivation status of an X-borne gene within individual nuclei. The large insert size of 
BAC clones makes them ideal for hybridization and detection of the nascent transcript. Al 
Nadaf et al (2010) determined the inactivation status of 32 X-borne genes. As was suggested by 
earlier studies using isozymes, X inactivation in  marsupials is incomplete. Every gene tested 
showed a percentage (5 – 68%) of cells with expression from both X chromosomes. This 
activity map of the wallaby X chromosome demonstrated no relationship between location on 
the X chromosome and extent of inactivation, suggesting that there is no polar spread of 
inactivation from a marsupial-specific inac tivation center (Al Nadaf et al., 2010).  

Although there are still ma ny questions to be answered concerning marsupial X 
chromosome inactivation, BAC clones have proven to be extremely valuable resources for 
these studies and have resulted in the rapid advance of knowledge in this field. Further 
work is already underway to construct activity maps of genes in other species, using BACs 
from the opossum and the devil. Includ ing a further species, the bandicoot (I. macrourus) 
would be particularly interesting as this species has an extreme version of X inactivation 
where they eliminate one sex chromosome (either a X in females or the Y in males) from 
somatic cells. The availability of a BAC library for this species makes it possible that this 
research could be carried out in the future.  

2.1.2 Gene content of the marsupial Y chromosome 

Although gene poor, the Y chromosome has an exceptionally important function, being 
responsible for sex determination and other functions in male sex and reproduction. A 
comparison of the chimpanzee and human Y chromosomes demonstrates the rapid 
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research could be carried out in the future.  

2.1.2 Gene content of the marsupial Y chromosome 

Although gene poor, the Y chromosome has an exceptionally important function, being 
responsible for sex determination and other functions in male sex and reproduction. A 
comparison of the chimpanzee and human Y chromosomes demonstrates the rapid 
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evolution of the Y chromosome (Hughes et al., 2010). Extending this comparison to include 
marsupials would provide even further insight into the evolution of this remarkable 
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to probe a wallaby BAC library and create a sub-library enriched with Y-specific BAC clones 
(Sankovic et al., 2006). Sequencing of two of these clones resulted in the identification of 
novel genes on the Y chromosome, HUWE1Y and PHF6Y (Sankovic et al., 2005). These genes 
are not on the Y chromosome of eutherians but do have a homologue on the X chromosome. 
It is hoped that more of these Y-specific BACs will be sequenced in the future to enable the 
evolutionary history of the therian Y chromosome to be unraveled.  

2.1.3 Gene content of the platypus sex chromosomes 

Monotremes, like other mammals, have male heteromorphic sex chromosomes, but their sex 
chromosome system is somewhat complex. Female platypuses have five different pairs of X 
chromosomes and their male counterparts have five X and five Y chromosomes that form a 
multivalent translocation chain during male me iosis (Grutzner et al., 2004). Similarly, the 
echidna (T. aculeatus) has five X chromosomes in females, and five X and four Y 
chromosomes in males (Rens et al., 2007). Early gene mapping stud ies using RISH with 
several heterologous probes suggested that at least one monotreme X chromosome shared 
homology with the therian X (Spencer et al., 1991; Watson et al., 1992; Watson et al., 1990). 
Subsequent mapping of BAC clones containing XIST-flanking genes indicated that at least 
some therian X-borne genes had an autosomal location in the platypus (Hore et al., 2007). 
The sequencing of the platypus genome made it possible to more thoroughly investigate the 
gene content of all platypus X chromosomes. By FISH-mapping BACs end-sequenced as 
part of the genome project, it became evident that, in contrast to the original gene mapping 
data, the platypus X chromosomes share no homology the therian X. Instead, at least some 
of the X chromosomes share homology with the chicken Z. Genes from the XCR were 
located on platypus chromosome 6 (Veyrunes et al., 2008). Furthermore, mapping of 
platypus X chromosome BACs onto male chromosomes identified the pseudoautosomal 
regions on the platypus Y chromosomes, providing the first glimpse into the gene content of 
the platypus Ys. Finding a lack of homology between monotreme and therian X 
chromosomes had a major impact on our understanding of the timing of therian sex 
chromosome evolution and provided surprisi ng insight into the ancestral amniote sex 
determination system, which may have resembled the ZW system observed in birds (Waters 
& Marshall Graves, 2009).  

The complicated sex chromosome system of monotremes makes determining the sequence 
of platypus Y chromosomes especially interesting. Since only a female platypus was 
sequenced as part of the genome project, no Y-specific sequence was obtained (Warren et al., 
2008). Kortschak et al (2009) isolated and sequenced six Y-specific platypus BAC clones. The 
gene content of these BACs has not been reported but a detailed analysis of the repeat 
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content has shown a bias towards the insertion of young SINE and LINE elements and 
segmental duplications (Kortschak  et al., 2009). As some differences in gene content between 
platypus and echidna X chromosomes have been identified, a comparison of the gene and 
repeat content of their Y chromosomes could provide important insight into the evolution of 
this complicatied sex chromosome system. Undoubtedly, a BAC-based approach will 
continue to be the best strategy for obtaining Y-specific sequence.  

The unexpected finding of no homology betw een monotreme and therian sex chromosomes 
begged the question as to how monotremes achieved dosage compensation. BAC clones 
were instrumental in determining the expression status of platypus X-borne genes in RNA-
FISH experiments. Genes on platypus X chromosomes were monoallelically expressed in 
approximately 50% of cells and were biallelically expressed in the remainder, and so it 
appeared that the platypus employs a very leaky form of X inactivation for dosage 
compensation (Deakin et al., 2008a). This stochastic transcriptional regulation resembled the 
leaky inactivation of X-borne genes in the wallaby (Al Nadaf et al., 2010), suggesting that 
despite different origins of the X chromoso me in monotremes and marsupials, their X 
inactivation mechanisms may have evolved from an ancient stochastic monoallelic 
expression mechanism that has subsequently independently evolved in the three major 
mammalian lineages (Deakin et al., 2008a, 2009). 

In an attempt to further characterize features of the platypus X inactivation system, BAC 
clones were used to examine replication timing and X chromosome condensation, two 
features common to X inactivation in therian mammals. Replication timing of X-borne genes 
was determined by hybridizing fluorescently labeled BACs to interphase nuclei and 
counting the number of nuclei with asynchronous replication represented by double dots 
over one homologue of the gene of interest and a single dot over the other. These dot assays 
revealed asynchronous replication of some regions on the X chromosomes, namely those not 
shared on the Y (Ho et al., 2009). Condensation status of three platypus X chromosomes was 
determined by hybridizing two BACs mapped to opposite ends of the chromosome and 
measuring the distance between the two signals on the two X chromosome homologues. 
Only one X chromosome (X3) displayed signs of differences in chromosome condensation. 
Consequently, chromosome condensation may not play a significant role in platypus dosage 
compensation (Ho et al., 2009). It would be interesting to perform these same experiments in 
echidna for comparative purposes. Since an echidna BAC library is available, it is hoped that 
this data will be obtained in the fu ture and such a comparison made.  

2.2 Evolution of genomic imprinting 

Most autosomal genes in diploid organisms are expressed from both the maternal and 
paternal copies at equal levels. However, there are roughly 80 exceptional genes in 
eutherian mammals that are monoallelically expr essed in a parent of origin fashion. The 
silent allele is marked (imprinted) by epigenetic features, such as CpG methylation and 
histone modifications. The evolution of a genomic imprinting mechanism appears 
counterintuitive since surely it would be more advantageous to have two expressed copies 
of a gene to protect the individual against deleterious mutations occurring in one copy. 
Consequently, genomic imprinting raises many questions regarding the how and why 
genomic imprinting evolved, although there a ppears to be some link between the evolution 
of viviparity and genomic impr inting (Hore et al., 2007).  
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By examining the orthologues of  eutherian imprinted genes in marsupials and monotremes, 
it becomes possible to begin addressing some the questions regarding the evolution of 
genomic imprinting. Gene mapping with BA C probes and BAC clone sequencing have 
contributed greatly to research in this area. Below are just a few examples where the use of 
BAC clones has proven critical for tracing the evolutionary history of imprinted loci. Even in 
the fairly well covered opossum genome sequence, it has been necessary to sequence BAC 
clones spanning regions of interest in order to fill gaps in the genome assembly. Major 
conclusions drawn from these studies propose that imprinting arose independently at each 
imprinted locus and that the acquisition of imprinting involved changes to the genomic 
landscape of the imprinted region.  

2.2.1 Analysis of the �,�*�)�����+������locus 

The IGF2 imprinted locus has been extensively characterized in humans and mice, and was 
the first gene reported to be subject to genomic imprinting in marsupials (but not 
monotremes) (O'Neill et al., 2000). Elucidating the mechanism by which this is achieved was 
the subject of a number of subsequent studies. Sequence comparisons between the non-
imprinted IGF2 locus of platypus and the imprinte d locus of marsupial and eutherian 
mammals were made in an attempt to identify  potential sequence elements required for 
imprinting of this locus. A platypus BAC clone containing the IGF2 gene was fully 
sequenced and compared to opossum, mouse and human. This study failed to identify any 
sites of differential methylation in intragenic regions but did uncover strong association of 
imprinting with both a lack of short interspersed transposable elements (SINEs) and an 
intragenic conserved inverted repeat (Weidman et al., 2004). Isolation of an opossum BAC 
clone (Lawton et al., 2007) and more extensive interrogation of the locus, identified a 
differentially methylated regi on (Lawton et al., 2008). This BAC clone was used in RNA-
FISH experiments to show that demethylatio n of this differentially methylated region 
results in biallelic expression of IGF2 (Lawton et al., 2008). Therefore, differential DNA 
methylation does indeed play a role in IGF2 imprinting in marsupials.  

In humans, H19 is a maternally expressed long non-coding RNA located near the IGF2 
locus. While protein coding genes in this region were easily identified from genome 
sequence, the low level of sequence conservation typical of non-coding RNAs made the 
identification of H19 more challenging. Three wallaby BACs spanning the the IGF2/H19 
locus were isolated by screening the library with probes designed from all available 
vertebrate sequences for genes within the region (Smits et al., 2008). Sensitive sequence 
similarity searches of the sequence obtained from these BAC clones identified a putative 
H19 transcript with 51% identity to human H19. This sequence was found to be absent from 
the opossum genome assembly and hence, a BAC clone containing the opossum H19 
orthologue was isolated and sequenced. Like eutherians, H19 is maternally expressed in 
marsupials (Smits et al., 2008).  

2.2.2 Assembly of the Prader -Willi/Angelman’s syndrome locus 

Mutations in imprinted genes on human chromosome 15q11-q13 are responsible for the 
neurological disorders Prader-Willi and Angelman ’s syndrome. Imprinting of genes in this 
region is controlled by an imprinting control region (ICR) located within the Prader-
Willi/Angelman’s syndrome domain (Kantor et al., 2004). The ICR is flanked by the 
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paternally expressed SNRPN gene and maternally expressed UBE3A. A cross-species 
comparison of the arrangement of these two genes across vertebrates uncovered an 
unexpected finding. A wallaby BAC clone containing the SNRPN gene mapped to wallaby 
chromosome 1, whereas the BAC containing the UBE3A localized to the short arm of 
chromosome 5. Furthermore, a fully sequenced platypus BAC clone containing UBE3A 
identified the gene adjacent to be CNGA3, a human chromosome 2 gene (Rapkins et al., 
2006). Subsequent analysis of the chicken, zebrafish and opossum genome sequence 
assemblies unequivocally showed this to be the ancestral arrangement, with UBE3A 
adjacent to CNG3A while SRNPN is located elsewhere in the genome. Both UBE3A and 
SRNPN were found to be biallelic expressed in marsupials and monotremes. It appears that 
the other imprinted genes found in this region in eutherians do not exist in marsupials and 
originated from RNA copies of genes located in other parts of the genome. Rapkins et al 
(2006) concluded that these genes only became subject to genomic imprinting when the 
region was assembled in the eutherian lineage. This study also provided the first evidence 
that genomic imprinting was acquired by differe nt loci at different times during mammalian 
evolution.  

2.2.3 Evolution of the Callipyge imprinted locus 

The Callipyge locus, so named after a muscle trait observed in sheep, contains a cluster of 
three paternally expressed genes (DIO3, DLK1, RTL1). In order to carry out a comprehensive 
analysis of this locus, seven platypus and 13 wallaby overlapping BAC clones were fully 
sequenced and assembled into a single contig for each species (Edwards et al., 2008). 
Comparative genome analysis revealed that the genomic landscape of this locus has 
undergone a number of changes during mammalian evolution. In marsupials, the locus is 
twice the size of the orthologous region in eutherians as a result of an accumulation of 
LINE1 repeats. In addition, there has been selection against SINE repeats in eutherians along 
with an increase in GC and CpG island content. Over 140 evolutionary conserved regions 
were found by phylogenetic footprinting bu t none of these regions corresponded to the 
imprint control element identifi ed in eutherians. These findings were consistent with the 
absence of imprinted expression for this locus both in monotremes and marsupials. Similar 
to the situation described above for the Prader-Willi/Angelman locus, it appears that a 
retrotransposition event resulted in the format ion of a novel gene in eutherians and it was 
suggested that this may have been the driving force behind the evolution of imprinting at 
this locus (Edwards et al., 2008).  

2.3 Major Histocompatibility Complex 

One the most studied regions of the vertebrate genome is the Major Histocompatibility 
Complex (MHC), a region central to the vertebrate immune response. In humans, the MHC 
is a large, gene dense region, spanning 3.6Mb and containing 224 genes divided into three 
regions; Class I, II and III (MHC Sequencing Consortium, 1999). Classes I and II encode 
genes involved in endogenous and exogenous antigen presentation respectively. Class III 
contains immune genes, involved in the inflammatory, complement and heat-shock 
responses, as well as a number of non-immune genes. This organization is in stark contrast 
to the chicken MHC consisting of only 19 genes within a 92kb region (Kaufman et al., 1999), 
making it difficult to establish the evolutio nary history of the MHC. The position of 
marsupials and monotremes in vertebrate phylogeny ideally situates them to bridge the gap 
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between chicken and eutherian mammal divergence and trace the evolutionary history of 
this important region. BAC clones have, once again, played an essential role in the study of 
the MHC organization and sequencing in marsupials and monotremes.  

2.3.1 The opossum MHC 

The opossum MHC was the first multi-megabase region to be annotated for the opossum 
genome project. Annotation of this region was performed on preliminary genome 
assemblies MonDom1 and MonDom2. The MHC region in MonDom1 was distributed 
across five sequence scaffolds. Previous mapping localized MHC Class I genes to different 
locations on opossum chromosome 2, with genes UB and UC located at the telomeric end of 
the short arm (Belov et al., 2006) and UA1 located near the centromere on the long of arm 
(Gouin et al., 2006). Thus, it was imperative that this assembly of MHC scaffolds was 
accurately determined to establish whether the separation of these genes was the result of a 
chromosomal rearrangement or a transposition event. This was achieved by isolating BAC 
clones corresponding to the ends of the MHC scaffolds. All BACs from these scaffolds, with 
the exception of one containing UB and UC, mapped to the centromeric region of 
chromosome 2. As a result of this information, the MHC was assembled into a single 
scaffold in the MonDom2 assembly (Belov et al., 2006). Furthermore, mapping of BAC 
clones from the genes at either end of this large scaffold enabled the orientation of the MHC 
on the chromosomes to be determined.  

The complete annotation of this region provided the necessary information required to start 
piecing together the changes which have occurred throughout vertebrate evolution. In 
contrast to the chicken, the MHC of the opossum spans almost 4Mb and contains at least 140 
genes, making it similar in size and complexity to the human MHC (Belov et al., 2006). 
However, the opossum has a very different gene organization with Class I and II genes 
found interspersed rather than separated by the Class III region as they are in eutherian 
mammals. This organization is similar to that of other vertebrates, such a shark and frog, 
suggesting that the marsupial organization is sim ilar to that of the vertebrate ancestor and 
the eutherian organization is derived.  

2.3.2 Mapping and sequencing of the wallaby MHC 

The opossum and wallaby are distantly related species, having diverged from a common 
ancestor around 60 – 80 mya, making a comparison of these two species similar to the 
informative human-mouse comparison. Unlike the opossum, the wallaby genome was only 
lightly sequenced (Renfree et al., 2011), leaving many gaps in the genome assembly. If detailed 
comparative analysis was to be carried out on the MHC, an alternative approach was required.  

Initial comparative analysis of these two MHCs was carried out using gene mapping. 
BACs containing MHC genes from all three Classes were isolated from a tammar wallaby 
BAC library. These clones were FISH-mapped to wallaby chromosomes with startling 
results. All Class II and Class III genes, as well as MHC flanking genes, mapped to the 
expected location on chromosome 2. Surprisingly, all of the MHC Class I BACs mapped to 
locations on every chromosome except chromosome 2 and the sex chromosomes (Deakin 
et al., 2007). This unexpected and unprecedented result made a more thorough analysis of 
these genes critical. As a result, a concerted effort was made to sequence the entire 
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tammar wallaby MHC, including the ‘core’ MH C located on chromosome 2 and many of 
the dispersed Class I genes found elsewhere in the genome. A BAC-based approach was 
taken, with the idea of constructing a BA C-contig across the core MHC, as well as 
sequencing the dispersed Class I genes. 

After finding Class I genes dispersed across the genome, a thorough screening of the 
wallaby BAC library was performed in order to isolate as many Class I genes as possible. As 
a result four additional BAC clones containing Class I genes were isolated, with FISH-
mapping of these BACs localizing these genes to the core MHC region on chromosome 2 
(Siddle et al., 2009). Complete sequencing of these BACs identified six Class I genes within 
the core MHC, which were interspersed with antigen processing genes and a Class II gene. 
Sequencing of ten BACs mapping outside this region identified nine Class I genes with open 
reading frames. In depth sequence analysis of these BACs revealed a tendency for Kangaroo 
Endogenous Retroviral Element (KERV) to flank these dispersed Class I genes, suggesting 
that this element may be implicated in the movement of these genes to regions outside the 
core MHC (Siddle et al., 2009).  

A BAC contig across the core MHC on wallaby chromosome 2 was constructed for 
sequencing purposes (Siddle et al., 2011). Unfortunately, despite extensive library screening 
with overgo probes designed from BAC end sequence, a single contig spanning the entire 
region was not obtained. Instead, the isolated BACs assembled into nine contigs and three 
‘orphaned’ BACs. The order of these contigs and orphaned BACs was determined using 
BAC clones as probes for FISH on metaphase chromosome spreads and interphase nuclei. 
The resulting 4.7Mb sequence contained 129 predicted genes from all three MHC Classes. A 
comparison of the gene arrangement between wallaby, opossum and other vertebrates 
indicated that the wallaby MHC has a novel MH C gene arrangement, even within the core 
MHC. The wallaby Class II genes have undergone an expansion, residing in two clusters 
either side of the Class III region. Once again, KERV sequences are prominent in this region 
and may have contributed to the overall genomic instability of the wallaby MHC region 
(Siddle et al., 2011).  

2.3.3 The MHC in monotremes 

Although the platypus genome has been sequenced, the high GC and repeat content 
hampered this sequencing effort, leaving the assembly with many more gaps than other 
mammalian genomes sequenced to a six-fold depth by Sanger sequencing (Warren et al., 
2008). As a result, complete annotation of the platypus MHC as a region was impossible 
because MHC genes were found on many sequence contigs and/or scaffolds. However, 
three BAC clones were completely sequenced and mapped to platypus chromosomes 
(Dohm et al., 2007). One of these BACs, localized to chromosome 3, only contained a 
processed class I pseudogene. Of the remaining two BACs, one contained two Class I genes 
and two Class II genes as well as antigen processing genes, while the other contained mainly 
Class III genes. The most surprising result came from FISH-mapping, which revealed that 
platypus MHC is not contiguous and maps to the pseudoautosomal region of two pairs of 
sex chromsomes. The Class I and II genes were located on X3/Y 3 and the Class III region on 
X4/Y 4. Subsequent FISH-mapping of BACs containing these same genes in the echidna 
demonstrated that this separation of the MH C onto two different pairs of sex chromosomes 
was a common feature for monotremes. Monotremes are the only mammals known to date 
to have the MHC reside on sex chromosomes (Dohm et al., 2007).  
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Sequencing of ten BACs mapping outside this region identified nine Class I genes with open 
reading frames. In depth sequence analysis of these BACs revealed a tendency for Kangaroo 
Endogenous Retroviral Element (KERV) to flank these dispersed Class I genes, suggesting 
that this element may be implicated in the movement of these genes to regions outside the 
core MHC (Siddle et al., 2009).  

A BAC contig across the core MHC on wallaby chromosome 2 was constructed for 
sequencing purposes (Siddle et al., 2011). Unfortunately, despite extensive library screening 
with overgo probes designed from BAC end sequence, a single contig spanning the entire 
region was not obtained. Instead, the isolated BACs assembled into nine contigs and three 
‘orphaned’ BACs. The order of these contigs and orphaned BACs was determined using 
BAC clones as probes for FISH on metaphase chromosome spreads and interphase nuclei. 
The resulting 4.7Mb sequence contained 129 predicted genes from all three MHC Classes. A 
comparison of the gene arrangement between wallaby, opossum and other vertebrates 
indicated that the wallaby MHC has a novel MH C gene arrangement, even within the core 
MHC. The wallaby Class II genes have undergone an expansion, residing in two clusters 
either side of the Class III region. Once again, KERV sequences are prominent in this region 
and may have contributed to the overall genomic instability of the wallaby MHC region 
(Siddle et al., 2011).  

2.3.3 The MHC in monotremes 

Although the platypus genome has been sequenced, the high GC and repeat content 
hampered this sequencing effort, leaving the assembly with many more gaps than other 
mammalian genomes sequenced to a six-fold depth by Sanger sequencing (Warren et al., 
2008). As a result, complete annotation of the platypus MHC as a region was impossible 
because MHC genes were found on many sequence contigs and/or scaffolds. However, 
three BAC clones were completely sequenced and mapped to platypus chromosomes 
(Dohm et al., 2007). One of these BACs, localized to chromosome 3, only contained a 
processed class I pseudogene. Of the remaining two BACs, one contained two Class I genes 
and two Class II genes as well as antigen processing genes, while the other contained mainly 
Class III genes. The most surprising result came from FISH-mapping, which revealed that 
platypus MHC is not contiguous and maps to the pseudoautosomal region of two pairs of 
sex chromsomes. The Class I and II genes were located on X3/Y 3 and the Class III region on 
X4/Y 4. Subsequent FISH-mapping of BACs containing these same genes in the echidna 
demonstrated that this separation of the MH C onto two different pairs of sex chromosomes 
was a common feature for monotremes. Monotremes are the only mammals known to date 
to have the MHC reside on sex chromosomes (Dohm et al., 2007).  
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2.4 Tracing the evolutionary history of globin genes 

Haemoglobin is essential for oxygen transportation in vertebrates. The haemoglobin 
molecule is encoded by members of the �D- and �E-globin gene clusters. These gene clusters 
were presumed to have arisen from a single globin gene that duplicated to form a combined 
�D- and �E-globin gene cluster as is seen in amphibians (Jeffreys et al., 1980). It was proposed 
that either a fission event or a chromosome duplication event, followed by independent 
evolution of the duplicate copies, gave rise to the separate �D- and �E-globin gene clusters 
observed in amniotes (Jeffreys et al., 1980). Determining the gene content of the marsupial 
and monotreme globin gene clusters has had a tremendous impact in this field. This work 
was facilitated by sequencing and mapping of BACs containing globin genes. 

The discovery of a novel �E-like globin gene called HBW residing adjacent to the wallaby �D-
globin cluster provided support for the chromosome duplication hypothesis (Wheeler et al., 
2004). Further support was provided wh en BAC clones from the dunnart (S.macroura) 
spanning the separate �D- and �E-globin gene clusters were sequenced and it was found that, 
like the wallaby, the HBW was adjacent to the �D-globin cluster (De Leo et al., 2005). The next 
obvious step in testing the chromosome duplication hypothesis was to determine the 
organization of the platypus �D- and �E-globin gene clusters. The fragmented nature of the 
platypus genome meant that a BAC-based approach was required to obtain a more complete 
sequence of the alpha and beta globin gene clusters in this species (Patel et al., 2008). 
Analysis of the sequence obtained from these BAC clones was instrumental in the formation 
of a new hypothesis for the evolution of these gene clusters.  

The platypus �D-globin cluster also contained a copy of HBW, which taken on its own would 
support the chromosome duplication hypothesis. However, an examination of the genes 
flanking the two clusters revealed that the combined �D/ �E-globin cluster in amphibians was 
flanked by the same genes as the �D-globin cluster in all amniotes, whereas the �E-globin 
cluster in amniotes was surrounded by olfactor y receptors. This led to a hypothesis where 
the �D-globin cluster in amniotes was proposed to correspond to the original �D/ �E-globin 
cluster present in other vertebrates. The �E-globin cluster was proposed to have evolved after 
a copy of the original �E-globin gene (HBW) was transposed into an array of olfactory 
receptors (Patel et al., 2008).  

3. Anchoring marsupial and monotreme genome assemblies 

Genome sequence data on its own is an extremely valuable resource but it is also equally as 
important to know how the genome fits togeth er. BACs have played an essential role in 
anchoring marsupial and monotreme sequence to chromosomes. Different approaches have 
been taken that have utilized BACs to improve genome assemblies, with the strategy 
employed dependent the quality of the genome assembly.  

The opossum and platypus genome projects employed BACs in a similar fashion. BAC-end 
sequencing was used to assist in connecting sequence contigs into scaffolds (Mikkelsen et 
al., 2007; Warren et al., 2008). Scaffolds were anchored and oriented on chromosomes by 
FISH-mapping BACs from ends of sequence scaffolds (Duke et al., 2007; Warren et al., 2008). 
For the opossum genome, the mapping of 381 BACs resulted in 97% of the genome being 
assigned to chromosomes (Duke et al., 2007). The more fragmented nature of the platypus 
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genome assembly made it more difficult to anchor each scaffold but FISH-mapping of BACs 
assigned 198 scaffolds, corresponding to approximately 20% of the genome, to 
chromosomes (Warren et al., 2008).  

Anchoring of the even more fragmented wallaby and devil genome assemblies required a 
different approach. A novel approach was developed to anchor the low-coverage wallaby 
genome sequence to chromosomes. A cytogenetic map of the genome was constructed by 
mapping BACs containing genes from the ends of human-opossum conserved gene blocks. 
This strategy was first trialed on tammar wallaby chromosome 5 (Deakin et al., 2008b) and 
later applied to the entire genome (Renfree et al., 2011). A virtual map of the wallaby 
genome was made by extrapolating from th e content of these mapped conserved blocks 
from the opossum genome assembly, thereby allowing the location of each gene on tammar 
wallaby chromosomes to be predicted (Wang et al., 2011a). A similar approach is being used 
to construct a map of the devil genome, which has been sequenced entirely by next 
generation sequencing (Miller et al., 2011). 

4. BACs and marsupial linkage maps 

Linkage (genetic) maps are a useful resource as they provide information not only on the 
order of genetic markers on a chromosome but on the location and frequencies of crossover 
events. Such maps are even more valuable if the maps are anchored to chromosomes and 
integrated with available genome assembly and/or cytogenetic mapping data. Linkage 
maps have been constructed for two marsupial species, opossum (Samollow et al., 2007) and 
the wallaby (Wang et al., 2011b). BACs containing markers at the ends of linkage groups 
have been used to cytogenetically assign these groups to chromosomes and determine the 
genome coverage of the linkage maps (Samollow et al., 2007; Wang et al., 2011b). The 
opossum linkage map was integrated with th e genome assembly and cytogenetic map by 
FISH-mapping 34 BAC clones from the ends of linkage groups (Duke et al., 2007; 
Samollow et al., 2007). A sophisticated approach was used in the marker selection for 
construction of the wallaby linkage map to fa cilitate the integration of cytogenetic and 
linkage map data. Three strategies were developed to fill gaps in the 1st generation 
linkage map (Zenger et al., 2002) using information from BACs. The first strategy 
involved identifying microsatellites in BACs that had been previously assigned to 
chromosomes by FISH. The second strategy identified microsatellites within BAC end 
sequences and the third used the wallaby genome sequence to identify microsatellite 
markers near BACs that had been mapped by FISH. This resulted in a linkage map that 
could easily be incorporated with the physical map data to generate an integrated map 
(Wang et al., 2011a, 2011b). Information from the integrated map has been used to 
improve and anchor the tammar wallaby genome assembly (Renfree et al., 2011).  

5. Conclusions 

Our understanding of marsupial and monotreme genomes has been greatly advanced due 
in large part to the availability of BAC librar ies for several key species. With the emergence 
of Devil Facial Tumour Disease (DFTD), a transmissible cancer threatening the extinction of 
this species in the wild within the next 25 years (McCallum et al., 2007), many marsupial 
researchers are are focusing their efforts on characterization of this devastating disease. BAC 
libraries are playing a play a major role in th is work, building on the strategies developed 
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for other species described here to rapidly gain as much information as possible on the 
normal and DFTD tumour genomes. In additi on, genome sequencing of other marsupial 
and monotremes species is currently underway using next generation sequencing 
technology and it is anticipated that BAC libraries will continue to be a very precious 
resource for comparative genomic studies in these species.  
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1. Introduction  

Bacterial Artificial Chromosomes (BAC) are low copy plasmids that stably maintain 
genomic DNA sequences hundreds of kilobases (Kb) in length. Thus, BAC plasmids usually 
contain the entire locus of one or more genes, enabling their use for genetic engineering and 
for the creation of genomic libraries for large-scale gene sequencing projects. 

The use of BAC plasmids for transgenic gene expression is also gaining popularity over 
traditional proximal promoter driven transgene expression because the BAC typically 
contain most, if not all, of the important regulatory elements required to recapitulate 
endogenous gene expression (Giraldo and Montoliu 2001). Maintaining the coding 
sequence within its regulatory locus insulates the transgene from integration position 
dependent effects on expression enforced by nearby enhancers and heterochromatin 
(Wilson, Bellen et al. 1990). 

Harnessing the power of BAC plasmids requir es developing and optimizing methods for 
manipulation of the gene loci within the BA C, generally referred to as “Recombineering”. 
This chapter will discuss the use of such technology to modify BAC DNA, specifically for 
the introduction of a fluorescent reporter to ma rk the expression of a gene of interest. We 
will also discuss the characterization of BAC tr ansgenic mice and their experimental utility. 

2. Overview of recombineering technology 

Traditional cloning approaches rely on the pres ence of unique restriction enzyme sites for 
modification of plasmid DNA via a series of digestions and ligations to incorporate or 
remove desired DNA sequences. Unfortunately, most restriction enzyme sequences are not 
unique or conveniently located within the ge nomic sequence. Thus, the availability/use of 
restriction sites is often a limiting factor when attempting to modify plasmid DNA using 
such approaches. 

Recombineering technology achieves DNA modification using a phage homologous 
recombination system, which uses linear DNA as template. Thus, an investigator can use 
linear targeting vectors containing 5’ and 3’  arms with homology to a target locus to 
introduce new DNA sequence. Subtle changes can now be achieved, including single point 
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mutations. Since the modification to the locus is based solely on sequence present in the 
target and not restriction enzymes, DNA can be introduced to the target wherever needed. 
Thus, recombineering technology has opened up an unlimited number of possibilities for 
genetic modifications. 

Prior to the use of lambda phage in Recombineering, the study of homologous 
recombination in E. coli laid the groundwork for the use of this technology. Homologous 
recombination via linear DNA is suppressed in E. coli by the recBCD enzyme complex. In 
the recBCD model, the enzyme complex moves destructively along double strand breaks. 
The recB and recC subunits operate as helicases while recD operates as an exonuclease. 
Thus, in recBCD wild type E. coli strains, recombination does not occur through linear 
DNA, as reviewed elsewhere (Myers and Stahl 1994; Yeeles and Dillingham 2010).  

The recBCD complex moves destructively along linear DNA until it encounters a DNA 
motif called a chi site. The chi site motif is a “recombination hotspot” that facilitates 
homologous recombination by ejecting the recD subunit responsible for the exonuclease 
activity of the complex, but does not affect th e helicase activity. The helicase activity results 
in single strand DNA that serves as substrate for homologous recombination. This 
molecular reaction was exploited by incorporat ion of chi sites into targeting vectors to 
enable homologous recombination of target genes. 

Cloning by homologous recombination was also studied in recBCD deficient strains. These 
experiments used recBCD mutants in an attempt to modify bacterial chromosomal and 
plasmid DNA with a linear DNA targeting construct (Jasin and Schimmel 1984; Oliner, 
Kinzler et al. 1993). The success of these studies demonstrated the effectiveness of cloning by 
homologous recombination, but was dependent on the use of specialized bacterial strains 
with constitutively active recombination en zymes. This enzyme activity resulted in 
unwanted intramolecular rearrangements in the modified plas mid (Copeland, Jenkins et al. 
2001). Therefore, the recBCD mutant strains were limited in their use in cloning by 
homologous recombination. 

The Recombineering technology used today is based on the lambda phage Red double 
strand break repair system, which uses the phage proteins exo, bet, and gam. This system is 
initiated when the 5’to3’ exonuclease exo digests linear double stranded (ds) DNA leaving a 
3’ overhang of single stranded (ss) DNA. The resultant 3’ssDNA is coated by the bet protein, 
which facilitates its annealing to a complementary strand of DNA. Once the homologous 
DNA is annealed, the 3’OH becomes a priming site for DNA replication resulting in double 
strand break repair.  

The activities of exo, bet, and gam have been adapted for BAC cloning by homologous 
recombination. The dsDNA substrate for exo is a linear targeting construct with 5’ and 3’ 
homology to the target locus. The linear targeting construct can be generated by PCR or 
excised from a plasmid. The resultant 3’ssDNA is coated by the bet protein and facilitates the 
annealing of the 3’ssDNA of the targeting construct to the targeted sequence on the BAC 
containing the gene locus. The linear targeting construct is unaffected by recBCD activity 
due to the presence of the gam protein, which inhibits re cBCD binding to the dsDNA 
targeting construct (Murphy 2007).  

Studies that employed the introduction of la mbda phage Red double strand break repair 
into E. coli demonstrated that it was an efficient system for cloning by homologous 
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recombination (Murphy 1998). Other studies demonstrated the use of homology arms as 
short as 27nt in length facilitated cloning by  homologous recombination, with increasing 
efficiency with increased homology length. Th is study also investigated insert length 
between homologous arms and found it useful  for inserts from 0-3100bp in length (Zhang, 
Buchholz et al. 1998). It was with these findings that lambda phage Red double strand break 
repair was adopted for cloning by  homologous recombination.  

3. Recombineering materials for BAC modification 

There are currently two different resource s for phage based Recombineering tools, 
Genebridges and NCI Frederick Systems. The major differences between the systems are 
how the phage genes are introduced into bacteria and what types of gene modifications they 
are capable of. 

3.1 Genebridges plasmid based system 

Genebridges (http://www.genebridges.com/) has adopted a plasmid based system to 
introduce the phage recombination proteins under a pBAD promoter (Noll, Hampp et al. 
2009). In this system, expression of the lambda phage genes is repressed by araC dimer. 
Gene expression is induced when the araC dimer is released from the pBAD promoter in the 
presence of L-arabinose. This system introduces the recombineering apparatus into the E. 
coli strain containing the BA C and does not require specialized bacterial strains that 
endogenously express the recombination proteins. 

3.2 NCI Frederick bacterial based system 

The National Cancer Institute http:// web. ncifcrf.gov/ research/ brb/ recombineering 
Information.aspx offers E. coli strains that contain the phage recombination proteins stably 
integrated into the genome. The proteins are under transcriptional control of the �ÌPl 
promoter in concert with the temperature sens itive cl857 repressor. Transcription of the 
lambda phage proteins is repressed at 32�ÝC. Repression of the �Ì Pl promoter is released by 
incubating cells at 42�ÝC for 15 minutes. Placing the stably integrated phage proteins under 
tight transcriptional control circumvents the problems of unwanted recombination 
associated with constitutive expression (Warmi ng, Costantino et al. 2005). NCI offers strains 
with an L-arabinose inducible Cre or Flpe expr ession, which are useful for excision of the 
selectable antibiotic markers used for positive selection of recombinants. 

In addition, NCI has developed plasmids to facilitate the cloning of sequence from BAC 
DNA into high copy plasmids for downstream use as targeting vectors (Liu, Jenkins et al. 
2003). Plasmids for epitope tagging new proteins of interest have also been developed, 
allowing the investigator to localize and purify proteins. This application speeds the 
functional characterization of proteins by e liminating the lengthy process of generating 
antibodies that would serve similar functions (Poser, Sarov et al. 2008). 

4. Recombineering methods and applications for BAC modification 

In this section, we will discuss the protocols and approaches used, in conjunction with NCI 
recombineering E. coli strains, for the modification of a BAC plasmid, which was used for 
the creation of a new mouse reporter line. 
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4.1 Experimental design 

In our studies, we were interested in generating a reporter mouse line to monitor the 
expression of Smooth Muscle-�D-Actin (SMA) in vivo and track the fate of cells expressing 
this gene. Transcriptional control of the SMA locus had been well defined in previous 
studies (Mack and Owens 1999; Mack, Thompson et al. 2000). Using that information, we 
decided to replace exon 2 (the first coding exon of SMA) and 50bp distal of the 3’ end of 
exon 2, with a myristoylated mCherry fluorescent reporter (Shaner, Campbell et al. 2004). 
Our rationale for this design was to a) insert the reporter in a manner where the first codon 
of the reporter replaced the first codon of SMA, and b) to avoid generating a fusion protein 
by removing the exon 2 splice site donor (Fig. 1a). 

Our targeting construct consisted of a mCherry expression sequence with a 
myristoylation sequence upstream of a PGK-neomycin resistance cassette (Fig. 1a). The 
PGK-neomycin resistance cassette was flanked at the 5’ and 3’ end by FRT recombination 
sites. Inclusion of the PGK-neomycin resistance cassette facilitated selection of positive 
recombinant clones by kanamycin (Fig. 1b). Inclusion of the FRT recombination sites 
allowed for subsequent excision of the PGK-neomycin resistance cassette by Flpe 
recombinase, thus eliminating any unwanted transcription effects of the PGK promoter on 
the reporter (Fig. 1c). The targeting construct ended with a SV40 polyadenylation 
sequence to enable efficient transcription (Fig. 1a). 

 

Fig. 1. Experimental design for the generation of a Smooth-Muscle-�D-Actin (SMA) reporter 
construct. (a) The endogenous SMA locus and linear targeting construct. (b) The SMA locus 
correctly targeted by recombineering. (c) The final reporter construct following excision of 
PGK-neomycin selection cassette. 
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Our immunohistochemistry on cultured cells selected for mCherry expression by 
Fluorescent Activated Cell Sorting (FACS) showed a distinctly different membrane 
localization of our mC herry reporter compared to the cytoskeletal staining pattern of 
SMA indicating we had avoided generating a SMA-mCherry fusion (Armstrong, Larina et 
al. 2010). 

4.2 Isolation of BAC DNA 

Isolation of BAC DNA can be achieved using a standard alkaline lysis phenol/chloroform 
extraction followed by alcohol precipitation. However, these types of BAC DNA 
preparations are subject to contamination by genomic DNA. Column purification of BAC 
DNA, such as that achieved using NucleoBond BAC 100 kit by Clontech, will yield more 
pure and less degraded BAC DNA. With either procedure, the removal of fragmented 
linear genomic DNA can be achieved using ExoV exonuclease or increasing lysis of the 
bacterial wall using lysozyme, as needed. However, large BAC DNA sequences are 
susceptible to shearing, so one must take care during preparation so as not to degrade the 
intact BAC DNA. 

Quick BAC prep 

Although there is a considerable genomic DNA contamination using this Quick BAC Prep 
procedure, we found it to be sufficient for isolating BAC DNA for introduction into the 
SW105 recombineering bacterial strain. 

1. Pick colony and place in 5ml LB with approp riate selection reagent and place in shaking 
incubator at proper temperature (30°C for SW bacterial series; 37°C for DH10 bacteria) 
overnight. 

2. Pellet bacteria by centrifugation at 4,000xg for 15min. 
3. Resuspend pellet in 1000ul of P1 buffer (50 mM Tris-HCl, pH 8.0, 10 mM EDTA) with 

100ug/ml RNaseA. 
4. Add 1000ul P2 buffer (200 mM NaOH, 1% SDS) for lysis reaction for 5 min at RT. 
5. Add 1000ul P3 buffer (3.0 M potassium acetate, pH 5.5 adjusted with glacial acetic acid) 

for cell debris precipitation. Do not vortex! Vortexing BAC DNA will destroy it. Swirl to 
mix, and then incubate on ice for 5 min. 

6. Centrifuge the prep at 4,000xg for 45 min at 4°C. Decant supernatant. 
7. Precipitate BAC DNA with 2 ml 2-propanol , incubated at -20°C for 30min or more. 
8. Centrifuge at 4,000xg for 30 min at 4°C to pellet DNA. 
9. Decant supernatant and wash with 1 ml 70% ethanol. Centrifuge 4,000xg for 15 min at 

4°C. 
10. Decant supernatant and dry DNA pellet, but do not allow to completely dry. BAC DNA 

that has completely dried is difficult to resuspend. 
11. Resuspend pellet in 200 ul TE at 4°C overnight. This prep should yield 500 ng-1 ug/ul 

DNA with approximately 50-75% genomic contamination. 

4.3 Electroporation of BAC DNA into bacteria 

Electroporation of bacteria is usually perfor med with an exponential decay electroporation 
instrument, although square wave instruments can be adapted for bacterial electroporation. 
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We found that for the initial electroporatio n of BAC DNA into recombineering bacterial 
strains, a “dirty” prep of BAC DNA containi ng genomic DNA prepared by alkaline lysis 
alcohol precipitation was sufficient. 

With “Quick Prep” BAC DNA (described above), electroporation can be performed at 1.8KV 
with a time constant of 5µs. Cells are then resuspended in 1ml LB media and incubated for 
1hr at 30�ÝC. As with standard practice, 100ul cells are streaked on selection plates and 
incubated at 30�ÝC overnight. To the remaining electroporated cells, 4ml LB medium are 
added and incubated overnight at 30�ÝC. The following day, cells were plated on selection 
plates and transformed cells are obtained from this selection. 

4.4 Preparation of induced electrocompetent cells 

Electrocompetent cells are prepared by inoculation of 50 ml LB plus appropriate reagent to 
select for the BAC clone of interest at 1:50 dilution from an overnight culture. Cells are 
incubated at 30�ÝC until the culture achieves an OD600 of 0.50, which is usually 3-4 hrs. Cells 
are then divided into two aliquots, one for in duction of lambda phage proteins and one un-
induced control.  

To induce the lambda phage proteins, cells are incubated at 42�ÝC for 15 minutes, and then 
harvested by centrifugation at 5000xg for 15 minutes at 4�ÝC. Cells are then washed 3 times in 
25ml ice-cold 0.2µm-filtered ddH 2O containing 10% glycerol, resuspended in 30µl 10% 
glycerol in ddH 2O, and then transferred to cooled cuvettes for electroporation.  

4.5 Generating a targeting vector 

Recombineering modifies the genomic locus using a linear targeting construct. The linear 
targeting construct can be generated either by PCR or excision from plasmid DNA, as 
discussed below. 

4.5.1 PCR based approach 

A convenient method for generating linear targeting vectors is via a PCR based approach in 
which primers are designed against two important sequence elements. The 5’ end of the 
primer contains sequence homology to the targeted locus while the 3’ end contains sequence 
for PCR amplification of the targeting constr uct. When these primers are used in a PCR 
reaction, the product produced contains both homology to the target and the targeting 
construct. Using a PCR based approach allows an investigator to use the same template to 
target an alternative locus. By changing the 5’ homology of the primers to match an 
alternative locus, a new linear targeting construct can be generated. Therefore, the template 
used for generating the linear targeting construct is modular. 

4.5.2 Plasmid based approach 

Cloning longer (100-500 bp) homology arms into the targeting construct is an alternative 
approach to generating a linear targeting vector. Using this type of construct is also useful 
for cloning sequence from BAC DNA into high copy plasmids for subsequent 
modification and use for in vitro cell targeting (i.e. embryonic stem cells). The linear 
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added and incubated overnight at 30�ÝC. The following day, cells were plated on selection 
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are then divided into two aliquots, one for in duction of lambda phage proteins and one un-
induced control.  
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25ml ice-cold 0.2µm-filtered ddH 2O containing 10% glycerol, resuspended in 30µl 10% 
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4.5 Generating a targeting vector 

Recombineering modifies the genomic locus using a linear targeting construct. The linear 
targeting construct can be generated either by PCR or excision from plasmid DNA, as 
discussed below. 

4.5.1 PCR based approach 

A convenient method for generating linear targeting vectors is via a PCR based approach in 
which primers are designed against two important sequence elements. The 5’ end of the 
primer contains sequence homology to the targeted locus while the 3’ end contains sequence 
for PCR amplification of the targeting constr uct. When these primers are used in a PCR 
reaction, the product produced contains both homology to the target and the targeting 
construct. Using a PCR based approach allows an investigator to use the same template to 
target an alternative locus. By changing the 5’ homology of the primers to match an 
alternative locus, a new linear targeting construct can be generated. Therefore, the template 
used for generating the linear targeting construct is modular. 

4.5.2 Plasmid based approach 

Cloning longer (100-500 bp) homology arms into the targeting construct is an alternative 
approach to generating a linear targeting vector. Using this type of construct is also useful 
for cloning sequence from BAC DNA into high copy plasmids for subsequent 
modification and use for in vitro cell targeting (i.e. embryonic stem cells). The linear 
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targeting construct is released from the vector by restriction enzyme digest and gel 
purified. This approach reportedly reduces base changes that are sometimes generated 
during PCR. 

4.6 Preparation and electroporation of targeting vector for BAC modification 

In our studies, we generated a linear targeting vector by PCR. Following PCR, the reaction is 
DpnI digested to remove the plasmid template. This step is incorporated in an attempt to 
reduce background and false positive clones that would result from electroporation of 
plasmid template. The PCR product is then gel purified and used to electroporate cells 
containing the BAC clone. Cells are electroporated with 1ug of linear targeting vector using 
the parameters previously described in section 4.3. Recombinants are obtained by plating of 
the overnight culture, as described above. 

4.7 Selection of positive recombinants 

Selection of positive recombinants can be facilitated by inclusion of a PGK-neomycin 
selection cassette in the targeting vector that confers kanamycin resistance to recombinant 
clones. Cells are plated on LB agar plates containing 15ug/ml kanamycin and grown at 
30�ÝC overnight, as described above. Following antibiotic selection, clones are screened for 
correct targeting using DNA isolated from kanamycin resistant clones in a PCR reaction 
using two different sets of primers that would amplify a product across the 5’ and 3’ 
recombination sites. PCR reactions are then analyzed on 1% agarose gel to correctly 
targeted clones. The PCR products are then sequenced to ensure the recombination had 
taken place as expected. Southern Blot analysis is another method for identifying the 
inclusion of the targeting construct into the BAC. While Southern Blot is sensitive, it gives 
no information on the sequence and requires additional time and labeling reagents (i.e. 
radioactive nucleotides).  

4.7.1 Identifying false positive recombinants 

In most cases, the template DNA used in the PCR reaction generating the linear targeting 
vector is eliminated by a DpnI digest, followed by gel purification. However, despite using 
DpnI to digest methylated DNA used as template in the generation of linear targeting vector 
by PCR, some plasmid template may be introduced into bacteria duri ng the electroporation 
(Fig. 2). Identification of this contamination ca n be facilitated by gel electrophoresis of uncut 
BAC DNA isolated from kanamycin resistant clones. Even though the linear targeting 
construct is gel purified, the plasmid template  can transform kanamycin resistant clones. For 
example, the undigested supercoiled plasmid DNA and the linear targeting vector can run 
at approximately the same molecular weight, th us contaminating the linear targeting vector 
during gel purification, as  occurred in our studies. 

5. Characterization of BAC transgenic mice 

5.1 BAC reporter expression recapitulates endogenous expression 

To verify that the transgenic BAC reporter is  expressed in the same temporal and spatial 
pattern as the protein of interest, immunohistochemistry is employed to evaluate tissue 
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and cellular specificity. Not only is it important to demonstrate that the reporter and the 
protein of interest are co-expressed, but it is also important to demonstrate that the 
reporter does not exhibit ectopic expression, beyond endogenous expression. In situ 
hybridization can also be utilized to characterize the co-expression of the reporter and 
targeted gene of interest. 

 
Fig. 2. Identification of PCR template contamination in selected BAC clones. 
Uncut BAC DNA preps run on 1% agarose gel. BAC DNA is in the upper box, and 
contaminating PCR template in the lower box. Lane 1 - Hi Mark Ladder. Lanes 3, 4, and 6 
are true positive recombinants without contam inating PCR template used to generate the 
linear targeting construct. 

5.2 BAC transgene copy number 

An assay was developed by Chandler and coworkers (Chandler, Chandler et al. 2007) to 
determine the number of copies of BAC transgene integrated into the genome. We adopted 
this method to measure copy number in ou r SMA-mCherry transgenic lines (Armstrong, 
Larina et al. 2010), and found that the level of expression of the reporter correlated with 
BAC copy number, which is useful for the comparative evaluation of the mouse lines. 

5.3 Integration site of BAC transgene 

Chandler and coworkers were also able to identify multiple integration sites in BAC 
reporters. This was achieved by employing th e BAC transgene copy number assay described 
above and analyzing outcrossed F2 generations for the number of transgene copies 
(Chandler, Chandler et al. 2007). Since the level of reporter expression is dependent on 
transgene copy number, it is useful to identify founders that transmit a single integration 
site, ensuring consistent reporter expression in future progeny. 
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6. Utility of BAC transgenics 

6.1 FACS analysis and isolation of live cel ls based on intracellular protein expression 

One advantage of introducing a reporter into th e gene locus of an intracellular protein is 
that one can then use the reporter mouse or cell line to identify and isolate live cells by 
Fluorescence Activated Cell Sorting (FACS) for in vitro applications. For example, we used 
the SMA-mCherry mice that we developed to is olate live cells expressing SMA from tissues 
during embryonic development (Fig. 3a), and de monstrated that the cells retain reporter 
expression after culture in vitro (Fig. 3b). 

 

 
 

Fig. 3. Isolation of SMA positive cells by flow cytometry. (a) FACS analysis of E9.5 yolk sac 
endothelium reveals that a subset of endothelium expressed the mesenchymal marker SMA. 
(b) Expression of SMA was retained when the cells were cultured in vitro.  
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6.2 In vivo imaging of embryonic vascular development 

BAC transgenic mice expressing reporter constructs can also be used to monitor and 
measure the dynamic emergence and fate of distinct cell types. For example, in our studies,  

we adopted an embryo culture system previously used for in vivo imaging of the 
cardiovascular system and hemodynamics (Garcia, Udan et al. 2011; Garcia, Udan et al. 
2011). We used the SMA-mCherry reporter mice, crossed to an endothelial specific Flk1-YFP 
reporter mouse line, to monitor endothelial-mesenchymal interactions during vascular 
development (Fraser, Hadjantonakis et al. 2005). Still images of a time-lapse experiment are 
shown in Figure 4. At early time points in the experiment (~E8.5), only (YFP+) endothelial 
cells are present within the developing yolk  sac (Fig. 4a,d). As vascular development 
progresses during embryo culture (~E9.0), SMA expressing cells appear (Fig. 4b,e, 
arrowhead); their migration within the tissu e can be monitored over time (Fig. 4c,f, 
arrowhead). Heart development and function can also be monitored and measured using 
these mice, as previously reported (Armstrong et al. 2010). 

 

 

 

 

Fig. 4. Still series from in vivo imaging. (a ,d) YFP+ endothelial cells prior to the emergence 
of SMA+ cells. At later time points, SMA-expr essing cells beginning to appear (b,e), and 
their movement within the tissue ca n be monitored over time (c,d). 
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7. Conclusions 

In summary, BAC clones provide a stable source of starting material for gene targeting. BAC 
clones, used in conjunction with Recombineering technology, provide investigators with 
numerous gene modifications approaches such as those needed to create transgenic reporter 
mouse lines. In addition to BAC transgenics, Recombineering technology can be employed 
for the construction of conditional alleles, po int mutations, insertions and deletions. Thus, 
this technology is versatile and powerful.  
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1. Introduction 

Williams-Beuren syndrome (WBS, MIM No. 194050) is a contiguous gene deletion syndrome 
that was described independently by Williams et al. (1961) in patients with supravalvular 
aortic stenosis, growth retardation and an unusual facial appearance (Williams et al., 1961) 
and by Beuren et al. (1962) in patients having the same features as well as dental anomalies 
and friendly personality (Beuren et al., 1962). 

The clinical picture of WBS includes a characteristic craniofacial dysmorphology with broad 
forehead, periorbital fullness, flat nasal bridge , broad nasal tip, long philtrum, full lips and 
lower cheeks, micrognathia, wide mouth and stellate irides, growth retardation, 
cardiovascular anomalies (mostly supravalvula r aortic stenosis and pulmonary artery 
stenosis), mild to moderate mental retardation and unique behavioral and neurocognitive 
profile (relative preservation of linguistic abilities and gross visual-spatial processing 
dysfunction) (Morris et al., 1988; Pober, 2010). Its incidence is estimated at 1/7,500-1/20,000 
(Grimm & Wesselhoeft, 1980; Morris et al., 1988; Stromme et al., 2002). 

Williams-Beuren syndrome results from the hemizygous deletion of several genes, 
including ELN (elastin), encompassing 1.55 to 1.84 Mb on chromosome 7q11.23 (Ewart et al., 
1993; Meng et al., 1998; Pober, 2010; Schubert & Laccone, 2006; Wang et al., 1999). WBS 
usually results from de novo deletion. Twenty-six to 28 genes have been identified within 
the WBS deletion region (Merla et al., 2010; Pober, 2010; Schubert, 2009). 
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The WBS deletion region is flanked by highly homologous clusters of genes and 
pseudogenes organized into low-copy-repeat (LCR) blocks. Unequal meiotic recombination 
during meiosis can lead to deletion of the WBS region. The unique genetic architecture of 
the region explains why the size of WBS deletion is almost the same in most of the patients 
(Baumer et al., 1998; Dutly & Schinzel, 1996; Pober, 2010; Schubert, 2009; Valero et al., 2000). 

Several studies have investigated the size of the WBS deletion using multiplex PCR with 
several microsatellite markers (Brondum-Nielsen et al., 1997; Perez Jurado et al., 1996; Wang 
et al., 1999; Wu et al., 1998). Most of the patients were found to carry the 1.5 or 1.8 Mb 
deletion. In the present study, we performed fluorescent in situ hybridization (FISH) with 
Bacterial Artificial Chromosome (BAC) clones in  an attempt to map the WBS deletion in 14 
WBS patients. 

2. Patients and methods 

2.1 Patients 

Fifteen patients were referred to the cytogenetic laboratory of the Brest University Hospital by 
medical geneticists, pediatricians and pediatric cardiologist for suspicion of WBS between 2002 
and March 2011. The reasons for referral included cardiovascular anomalies, dysmorphism or 
a combination of signs suspecting WBS (Table 1). However, because of limited cell pellet 
available for one patient, the study could be performed only on 14 patients. 

2.2 Conventional cytogenetics 

Metaphase chromosomes were prepared from peripheral blood lymphocytes of the 14 
patients after having obtained their parent s’ informed consent. Standard R banding 
chromosomal analyses were performed according to the standard procedures and the 
karyotypes described according to the International System for Cytogenetic Nomenclature 
(ISCN 2005). 

2.3 FISH analyses with commercially available probe 

A FISH study using the Vysis Williams Region Probe - LSI ELN SpectrumOrange/LSI 
D7S486, D7S522 SpectrumGreen was carried out on the metaphase preparations from all 14 
patients, as recommended by the manufacturer (Abbott, Rungis, France). 

The Williams Region Probe consists of a probe of approximately 180 kb in size for ELN, 
LIMK1 and the D7S613 locus located in band 7q11.23, labeled in Spectrum Orange, and a 
control probe for the region containing loci D7S486 and D7S522 located in band 7q31, 
labeled in Spectrum Green. 

2.4 FISH analyses with BAC clones 

To delineate the extent of the deletion on chromosome 7, FISH analyses were carried out 
using BAC clones mapping to the long arm of chromosome 7 (7q11.23). 

We identified the BAC clones of interest th rough the Human Genome Browser Database of 
the Genome Bioinformatics Group at the University of California at Santa Cruz 
(http://genome.ucsc.e du/). They were then ordered by Inte rnet on the site of the Children's 
Hospital Oakland Research Institute in Oakl and, California (http://bacpac.chori.org/). 
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Table 1. Clinical characteristics of the 14 patients with Williams-Beuren syndrome. 

M
: m

o
nt

h;
 y

: y
ea

r 
W

B
S

 s
us

pi
ci

on
: c

om
bi

na
tio

n 
o

f s
ig

ns
 (

fa
ci

al
 d

ys
m

or
ph

ol
og

y 
an

d 
ca

rd
io

va
sc

ul
ar

 a
no

m
al

y)
 m

ak
in

g 
th

e 
di

ag
no

si
s 

hi
gh

ly
 p

ro
ba

bl
e 

IU
G

R
: i

nt
ra

 u
te

rin
e 

gr
ow

th
 r

et
ar

da
tio

n
 

N
A

: n
ot

 a
va

ila
bl

e 
P

at
ie

nt
 #

 1
4 

- 
?:

 p
at

ie
nt

 s
til

l t
oo

 y
ou

ng
 (

4 
m

on
th

s 
ol

d)
 



 
Bacterial Artificial Chromosomes 

��

38

                               
Table 1. Clinical characteristics of the 14 patients with Williams-Beuren syndrome. 

M
: m

o
nt

h;
 y

: y
ea

r 
W

B
S

 s
us

pi
ci

on
: c

om
bi

na
tio

n 
o

f s
ig

ns
 (

fa
ci

al
 d

ys
m

or
ph

ol
og

y 
an

d 
ca

rd
io

va
sc

ul
ar

 a
no

m
al

y)
 m

ak
in

g 
th

e 
di

ag
no

si
s 

hi
gh

ly
 p

ro
ba

bl
e 

IU
G

R
: i

nt
ra

 u
te

rin
e 

gr
ow

th
 r

et
ar

da
tio

n
 

N
A

: n
ot

 a
va

ila
bl

e 
P

at
ie

nt
 #

 1
4 

- 
?:

 p
at

ie
nt

 s
til

l t
oo

 y
ou

ng
 (

4 
m

on
th

s 
ol

d)
 

Defining the Deletion Size in Williams-Beuren Syndrome  
by Fluorescent �,�Q���6�L�W�X Hybridization with Bacterial Artificial Chromosomes 

��

39 

When received, bacterial cultures were prepared from a single colony picked from a 
selective plate in the presence of chloramphenicol. Plasmids were obtained from bacterial 
cultures grown in the presence of chloramphenicol (10 mg/L). After having lysed bacteria 
using SDS1%/NaOH 0.2 N, DNA was purified from RNA, proteins and other cellular 
contaminants. Probes were then labeled by nick translation in Spectrum Orange (Nick 
Translation Kit, Abbott, Rungis, France) or in FITC (Prime-it Fluor Fluorescence Labeling 
Kit, Stratagene, Amsterdam, Netherlands). All BAC clones were applied to normal 
lymphocyte metaphases to confirm their chromosomal location. 

After hybridization, the slides were counterstained with 4-6-diamino-2-phenyl-indole-
dihydrochloride (DAPI). The preparations were examined using a Zeiss Axio Plan 
Microscope (Zeiss, Le Pecq, France). Images acquisition was performed using a CCD 
camera and analyzed using the ISIS program (In Situ Imaging System) (MetaSystems, 
Altlussheim, Germany). 

Twenty-two overlapping BACs covering the WB S deletion region and beyond (about 1.9 
Mb) were applied on the 14 patients (Table 2). 

BAC name 
Centromeric start 

(Mb from telomere) 
Telomeric start 

(Mb from telomere) 
BAC length 

(bp) 

RP11-48D17 72,557,570 72,705,204 147,635 
RP11-483G21 72,688,731 72,875,946 187,216 
RP11-614D7 72,737,634 72,926,932 189,299 
RP11-101D2 72,814,548 72,991,974 177,427 
RP11-598B14 72,850,682 73,042,752 192,071 
RP11-622P13 73,002,073 73,181,256 179,184 
RP11-73G23 73,035,513 73,184,825 149,313 

RP11-148M21 73,153,473 73,327,919 174,447 
RP11-1011-F11 73,166,799 73,342,468 175,670 
RP11-1056I4 73,437,240 73,639,567 202,328 
RP11-7M12 73,611,329 73,793,367 182,039 
RP11-351B3 73,705,662 73,899,619 193,958 
RP11-247L6 73,872,593 74,038,131 165,539 
RP11-196F10 73,872,610 74,038,131 165,522 
RP11-137E8 73,944,720 74,129,587 184,868 
RP11-728M8 73,959,533 74,148,428 188,896 
RP11-926D5 73,959,536 74,145,706 186,171 
RP11-19F19 73,994,434 74,173,462 179,029 
RP11-813J7 74,091,733 74,261,309 169,577 

RP11-1105J19 74,128,975 74,321,491 192,517 
RP11-1094P22 74,129,067 74,321,019 191,953 
RP11-379L10 74,307,663 74,480,665 173,003 

The base pairs position (bp) are predicted on Build 39 National Center for Biotechnology Information 
(http://www,ncbi,nlm,nih,gov) and assembly February 2009 by The UCSC Genome Browser Database 
(http://genome,ucsc,edu/index,html), 

Table 2. BAC library used to delimitate th e deletion size in the 14 WBS patients. 
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3. Results 

Fourteen patients were included in the study (Table 1). There were 7 boys and 7 girls. The 
median age at the time of cytogenetic exam was 7.5 months. Except for a patient who was 
almost 10 years old, all the other patients were less than 3 years old at the time of 
cytogenetic analyses, the majority of them being less than 1 year old (9 of 14 patients). 

Cardiovascular anomalies and facial dysmorphis m were present in all patients, but for one 
without cardiovascular anomaly and another without dysmorphism (Table 1). Growth and 
psychomotor retardation was noted in all patients. Stellate irides and/or strabismus was 
also present in 7 of the 12 patients for whom the data was available. No cognitive nor 
personality profile was available for the patients, mainly due to their young age. 

R-banding conventional cytogenetics showed a normal 46,XY or 46,XX karyotype whereas 
FISH using the Vysis Williams Region Probe revealed a deletion of the ELN, LIMK1 and 
D7S613 locus in all 14 patients (Figure 1-A). 

   
(a)     (b) 

Fig. 1. Example of FISH results in a patient with Williams-Beuren syndrome. (A) FISH using 
the commercially available probe (ELN in SpectrumOrange and D7S486, D7S522 in 
SpectrumGreen). (B) FISH using two BAC clones (RP11-614D7 in green and RP11-1105J19 in 
red). 

Sequential FISH analyses with BAC clones were applied on metaphases of all 14 patients 
having a deletion of the Vysis Williams Re gion Probe (Figure 1-B). They showed the 
centromeric deletion boundary to be located in a 145 kb interval, between RP11-598B14, 
deleted in 13 patients (P1 to P13), and RP11-48D17, always present (Figure 2). The telomeric 
deletion boundary was found to be located in a 229 kb interval, between RP11-351B3, 
deleted in 13 patients (P1 to P13), and RP11-1105J19, always present. Therefore, the 
minimum and maximum estimated deletion sizes for these 13 patients (P1 to P13) were 
1,048,937 bp and 1,423,771 bp, respectively. Using overlapping BAC clones, both 
centromeric and telomeric boundaries could be refined. FISH signals with BAC clones RP11-
614D7 and RP11-101D2, located at the centromeric deletion boundary, and those RP11-
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247L6 and RP11-137E8, located at the telomeric deletion boundary, showed decreased 
intensities. The centromeric and telomeric intervals were reduced to 36 kb and 93 kb, 
respectively, giving an estimated WBS deletion size of 1.17Mb. 

 
Fig. 2. Size of the deletions in the 14 WBS patients estimated by BAC clones (ELN: elastin 
gene) 

The fourteenth patient (P14) was found to have a centromeric deletion boundary to be 
located in a 109 kb interval, between RP11-101D2 (deleted) and RP11-48D17 (present). Using 
overlapping BAC clones RP11-483G21 and RP11-614D7, the centromeric boundary was 
refined to a 77 kb interval. The telomeric deletion boundary was found to be located at the 
junction of two overlapping BAC clones (RP11-926D5 and RP11-1105J19). Therefore, the 
estimated WBS deletion size for this patient was 1.41Mb. 

ELN

P1-P13 

P14 
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4. Discussion 

Molecular genetic studies have shown that hemizygosity of the elastin (ELN) gene accounts 
for the cardiovascular abnormalities observed in WBS patients. The other signs (facial 
dysmorphism, growth and mental retardation, et c.) observed in WBS are likely to be due to 
hemizygosity of other genes flanking the ELN locus. Although the unique combination of 
signs and anomalies is highly evocative, WBS patients usually present phenotypic 
variability, which could be explained by different deletion size and, therefore, by different 
sets of genes showing hemizygosity. 

Several studies tried to define the WBS critical deletion region. Using sequence tagged site 
(STS) markers flanking the ELN gene, Perez-Jurado et al. (1996) and Wu et al. (1998) 
looked for the minimal deletion region respon sible for the WBS phenotype in 123 patients. 
Markers from D7S489B (also named D7S489U) to D7S1870 were shown to be consistently 
removed, defining a 2 cM deletion in all informative patients (Perez Jurado et al., 1996; 
Wu et al., 1998). 

Using BAC and PAC (P1-derived artificial chromosome) clones, Meng et al. (1998) 
constructed a physical map of the common deletion region. They localized the centromeric 
and telomeric deletion breakpoints to tw o genomic clones (containing D7S489B and 
D7S1870) flanking a 1.5 Mb deletion interval (Meng et al., 1998). 

Based on the work by Valero et al. (2000) who found that 3 large region-specific segmental 
duplication or low copy repeat (LCR) elements  flanked the common deletion region (Valero 
et al., 2000), Bayes et al. (2003) defined two common deletion regions in a set of 74 patients 
with WBS. Most of the patients (95%) had a 1.55 Mb deletion whereas the remaining 5% 
exhibited a larger deletion of approx imately 1.84 Mb (Bayes et al., 2003). 

Botta et al. (1999) reported a deletion of about 850 kb in two patients showing the full 
spectrum of the WBS phenotype (Botta et al., 1999). Furthermore, the analysis of the 
deletion size in WBS patients with “incomplete” phenotype revealed even more 
heterogeneity (Antonell et al., 2010). Using quantitative real-time PCR to scan 2.5 Mb of 
the WBS deletion region at a resolution of 100-300 kb among 65 patients with strong 
clinical indication of having WBS, Schubert  and Laccone (2006) found that 21 patients had 
a deletion in the WBS region. Nineteen patients had a deletion ranging from 1.4 to 1.8 Mb 
in size whereas one had a 200 kb deletion and the remaining one a 2.5 Mb deletion 
(Schubert & Laccone, 2006). 

FISH using BAC clones has been extensively used to construct physical maps of the 7q 
region deleted in WBS and to define the commonly deleted region (Meng et al., 1998; 
Peoples et al., 2000; Perez Jurado et al., 1996; Wu et al., 1998). However, to our knowledge, 
no study has been conducted to determine the deletion size in WBS individuals using 
overlapping BACs. Indeed, the level of resolution is a limit to this technique. A BAC is 
considered as partially deleted by FISH analysis when the fluorescent signal of this clone 
is much stronger on one chromosome 7 than on the other. Furthermore, a BAC could be 
considered as present or absent (not partially deleted) if only a small part of the DNA 
sequence is removed or kept (usually less than 50 kb). Having resource to overlapping 
BAC clones can increase the level of confidence but some uncertainty will remain. 
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5. Conclusion 

Thirteen patients had a deletion estimated at 1.17 Mb in size and the remaining patient a 
deletion size estimated at 1.41 Mb. All the patients had the “classical” WBS phenotype, but 
for the cognitive profile which was not eval uated. The margins of uncertainty of the 
centromeric and telomeric boundaries of the deletion were less than 100 kb in all 14 patients, 
a level obtained by microsatellite analysis or quantitative real-time PCR. Therefore, this 
approach is efficient to define the deletion size among WBS patients. 
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1. Introduction 

Strategies for altering sequences in large DNA inserts in BACs are fundamentally different 
from those traditionally used for small plasmids. Two factors are primarily responsible for 
this: the existence of a high multiplicity of sites in BACs recognized by DNA modifying 
enzymes, such as restriction endo-nucleases, as well as the brittle nature of large duplex 
DNA that is not packaged with DNA-binding prot eins in the test-tube. The large number of 
DNA fragments generated by the common restri ction enzymes, and the unavailability of 
robust separation techniques to isolate and keep track of the relative order of the pieces; 
precludes using the “cut-and-paste” mechanis m to alter DNA sequences in BACs. Instead 
DNA recombination in vivo  has become the method of choice for modifying BACs. Although 
the net result again is cutting and re-joining of  DNA, the entire process is concerted in the 
bacterial host with no free ends of DNA to go astray; and occurs primarily in a 
nucleoprotein complex that protects it from shear forces which otherwise would break the 
large DNA during manipulations in vitro. 

Two separate approaches based upon using sequence homology for recombining DNA were 
developed independently to alter sequences in BACs. The first method introduces the major 
recombination function of E.coli, RecA, back into the severely recombination deficient host 
DH10B, originally engineered to propagate vertebrate DNA in BACs (1). The second 
approach introduces recombination functions of phage �Ì, namely red �Â, red �Ã and red �Ä into 
the DH10B host, and utilizes recombination of homologous sequences of shorter length to 
insert exogenous DNA cassettes into BACs (2). Both methods have been widely used to 
engineer a variety of alterations in BAC DNA, such as introducing reporter gene cassettes 
into the genomic insert, mutating sequences at a target site, and introducing loxP sites (1-11). 

A different strategy for modifying BAC DNA also uses recombination, but does not require 
targeting vectors to carry sequences homologous to those in the genomic insert to introduce 
exogenous DNA cassettes. Insertions of the bacterial Tn10 transposon can introduce 
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exogenous DNA, including lox sites, at random  locations in the BAC (12, 13). Site-specific 
recombination using the Cre-lox system on the other hand, can deliver reporter genes and 
other exogenous DNA cassettes such as sequencing primer sites, mammalian cell-selectable 
antibiotic resistance genes, enhancer-traps and sequences specific to the vertebrate 
transposon Tol2 precisely at the ends of the genomic DNA insert in BACs (14-16). It is 
significant that the recombinases involved in  either of these approaches, Tn10-transposase 
and Cre protein respectively, do not act upon sequence repeats and/or other 
recombinogenic sites in the genomic DNA insert to rearrange it. This particular 
characteristic should make the approach applicable to a wider variety of BACs in the public 
domain, including those containing repetitive se quences [see reference (16) for an example]. 

Insertions of the Tn10 transposon into DNA of BACs from a wide variety of vertebrate 
genome libraries appear to be random, demonstrating little sequence specificity for 
transposition (16). It is unclear whether this lack of sequence specificity arises from the 
absence of selective pressure evolutionarily for insertions of a prokaryotic transposon into 
vertebrate DNA, because insertions into prokaryotic DNA have long been known to prefer a 
somewhat degenerate nevertheless consensus insertion site (17). The minor sequence 
preferences for insertions of Tn10 observed in BACs probably have more to do with 
availability of sites for Tn10 insertions in HU protein-packaged vertebrate DNA in the 
bacterium than specificity for sequences. On occasion, incorporation of Tn10 into insert 
DNA of a rare BAC clone displays apparent sequence selectivity (18). However, this was 
clearly shown to be due to a clonal selection process that arose from picking single colonies 
of transposon plasmid transformed BAC clon es which had induced the transposase gene 
prior to actual induction with Isopropyl �Ã-D-1-thiogalactopyranoside (IPTG). Slight 
modification of the procedure, that has since recommended inducing a large pool of 
transposon plasmid transformed BAC colonies in stead of a single one, has rectified this 
potential problem completely (18). A detailed description of the transposon retrofitting 
approach for BACs follows. 

1.1 Methodology for Tn10 transposon retrofitting of BACs 

The Tn10 transposon modification procedure for BACs is conceptually simple, as illustrated 
in Figure 1. A loxP sequence is placed within the 70 base inverted repeat ends of the 
bacterial Tn10 mini-transposon (shown in the lower panel of Figure 1). 

The plasmid DNA carrying the tran sposon is introduced into the same cell that houses the 
BAC plasmid and the transposase gene, located outside the inverted repeat ends in the 
transposon plasmid, is induced. Upon induction the transp osase protein excises the DNA 
cassette flanked by the inverted repeats (shown as green and pink boxes L & R in the 
transposon plasmid) and inserts it into other nearby DNA in the bacterial host, including the 
bacterial genome and the BAC DNA. Insertions  of the Tn10 into BAC DNA occur in either 
orientation, and are irreversible because the transposase gene is left behind in the excised 
transposon plasmid and destroyed. Important co nsiderations that dictate subsequent steps 
in the procedure include 1) damage to the host genome from Tn10 insertions, and 2) the 
fraction of BACs actually modified is relatively low ~ 1 in 10,000. Therefore efficient steps 
are required to recover the low percentage of BACs containing insertions and subsequently 
transfer these into a new host. Both these challenges are met by packaging the Tn10-
modified BAC DNA in phage P1 heads. Therefore the cells containing the BAC DNA with 
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exogenous DNA, including lox sites, at random  locations in the BAC (12, 13). Site-specific 
recombination using the Cre-lox system on the other hand, can deliver reporter genes and 
other exogenous DNA cassettes such as sequencing primer sites, mammalian cell-selectable 
antibiotic resistance genes, enhancer-traps and sequences specific to the vertebrate 
transposon Tol2 precisely at the ends of the genomic DNA insert in BACs (14-16). It is 
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and Cre protein respectively, do not act upon sequence repeats and/or other 
recombinogenic sites in the genomic DNA insert to rearrange it. This particular 
characteristic should make the approach applicable to a wider variety of BACs in the public 
domain, including those containing repetitive se quences [see reference (16) for an example]. 
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genome libraries appear to be random, demonstrating little sequence specificity for 
transposition (16). It is unclear whether this lack of sequence specificity arises from the 
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transposon insertions are infected with P1 phage after induction of the transposase gene 
with IPTG [see reference (19) for a detailed description of the procedure]. 

 
 

 

 

Fig. 1. Legend: Schematic representation of the BAC end-deletion technology using a loxP 
transposon. The inverted triangle represents the loxP transposon, which is shown in greater 
detail in the lower panel. The 70 bp inverted repeat ends of the transposon are indicated by 
the green and pink boxes marked L and R respectively. The thick black arrow represents the 
loxP site in both the transposon and BAC vector DNA. The broken arrow represents the 
lox511 site in BAC vector. Because transposon insertions are rare, single random 
transpositions into the BAC DNA occur when the transposase gene is induced. Upon Cre 
recombination, the transposon-inserted loxP of identical orientation to the loxP endogenous 
to the BAC generates a deletion of the DNA between them. Inversions are not shown. The 
pool of BAC DNA molecules therefore generates a library of end-deleted BACs from the 
random insertions of a loxP transposon into BAC DNA molecules. 

Infection with P1 phage serves an additional purpose. The phage expresses Cre protein 
early in its life cycle to circularize the othe rwise linear DNA within the phage head. Newly 
synthesized Cre protein acts in trans to also recombine the loxP site transposed into the BAC 
genomic insert with the loxP endogenous to the BAC and located at one end of the insert 
DNA [see step 1, Figure 2]. Thus the transposed loxP site of one orientation produces a 
deletion from one end of the genomic insert , while the loxP inserted in the opposite 
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orientation simply inverts the DNA between it and the one endogenous to the BAC. Because 
BACs in all modern libraries carry insert DNA of average size ~ 160 kb, and because the 
amount of DNA that can be packaged in a P1 head is ~110 kb (20), the P1 headful packaging 
step can serve as a selection strategy to isolate transpositions of loxP in the orientation 
identical to the endogenous one (12), as only that allows reducing the BAC DNA length to 
less than ~110 kb. Only those end-deletions that reduce the length of BAC DNA to less than 
~110 kb are rescued, as shown in Figure 2. 

 

 

 

Fig. 2. Legend: Schematic representation of the DNA recombinations occurring in the 
transposon retrofitting of BACs. Step 1 shows creation of a deletion in the BAC DNA by Cre 
recombination of the transposed and endogenous loxP sites. Step 2 shows the Cre 
recombination of circularized phage P1 DNA (P, G, E) with the end-deleted BAC DNA (B, 
A, C) to generate the co-integrate. The phage packaging site “pac site” and the Cre gene are 
indicated in the phage DNA by the thick solid bar and the X, respectively. Step 3 shows the 
BAC DNA packaged in the phage P1 head, its recombination after entry into cells by newly 
synthesized Cre protein, and circularization into  a BAC plasmid. If the length of DNA (B, A, 
C) exceeds the headful packaging capacity of ~110 kb, then the second loxP site (indicated 
by the thick arrows) would not fit in the ph age head and the DNA cannot circularize by 
loxP-Cre recombination after entry into cells.  This leads to the BAC DNA not being rescued. 
Note that the Cre gene is also lost upon circularization of the truncated BAC DNA.  
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Packaging of the end-deleted BAC DNA occurs from a large co-integrate plasmid in the cell 
which is described in detail elsewhere (21, 22). In co-integrate formation, the P1 phage DNA 
effectively contributes a packaging location named the “pac site” which is recognized by the 
phage packaging proteins [shown in step 2, Figure 2]. The co-integrate DNA is thought to 
replicate by a “rolling circle” mechanism. A cut is made in the newly synthesized co-integrate 
DNA at the “pac site”, and the DNA end correspo nding to piece loxP-B, A, C is stuffed into 
newly assembled empty heads of phage P1. Packaging of DNA from co-integrate is directional 
and the second cleavage is made after the P1 head is full regardless of sequence using a 
“headful-cleavage” mechanism (21, 22). Note that if Cre recombination of the transposed loxP 
with the loxP endogenous to the BAC did not re duce the length of BAC DNA segment B, A, C, 
to less than ~110 kb, this piece of BAC DNA inside the phage head would not be flanked by 
loxP on both ends [see step 3 of Figure 2]. In the absence of loxP sites flanking BAC DNA on 
both ends, the DNA would be unable to circularize by Cre recombination and would be 
destroyed when introduced into cells. Insertions of loxP in the other orientation, that cause 
inversion of the DNA, do not reduce the size of segment B, A, C to less than 110 kb. 
Consequently, the BAC DNA in P1 heads from inve rsions is destroyed upon entry into cells. 

The bacterial lysate containing P1 heads packaged with end-deleted BAC DNA is treated 
with chloroform. This treatment not only faci litates lysis of P1 infected recombination 
deficient DH10B but also kills all cells harbor ing intact transposon and BAC plasmids. This 
killing is important for the selection of transp oson inserted BACs in the next stage when 
antibiotic selection is employed, as otherwise cells without transposon insertions into BACs 
but merely carrying the two intact plasmids wo uld get selected. The lysate after chloroform 
treatment is used to infect fresh bacteria. Upon entry of the phage packaged BAC DNA into 
cells; Cre protein is expressed from the DNA end adjacent to the second loxP site [indicated 
as X in phage head and co-integrate], but only transiently, because the Cre gene is lost after 
Cre-loxP recombination to circularize the linear BAC DNA [Step 3, Figure 2]. Cells are 
plated on LB plates containing chloramphenicol to select for clones of end-deleted BAC. 
Note that the phage DNA segment [P, G, E] from the co-integrate is incompletely packaged, 
if at all, and is destroyed after the loxP-Cre circularization in the new host. Even the rare 
phage particle containing a complete phage genome is unlikely to replicate or survive 
because of the chloramphenicol selection on the plates. 

Selecting with a single antibiotic for the BAC DNA is sufficient for the first round of end-
deletions, using either a loxP or a lox511 transposon. Additional selection for transposition 
of lox sites is not necessary in this first round because the P1 headful packaging itself serves 
as the selection for the low frequency of lox-site transpositions in the previous step [see 
references (23, 24) for detailed discussions]. 

1.2 Analyzing retrofitted/ end-deleted BACs 

BACs deleted from an end, or inserted with  exogenous DNA cassettes at the newly created 
ends of genomic inserts, are analyzed by isolating their DNA and separating them by Field 
Inversion Gel Electrophoresis (FIGE). The DNA in  BAC clones is easily isolated by simple 
mini-prep procedures, digested with Not I enz yme and analyzed on FIGE (13, 25), as shown 
in Figure 3. High throughput formats for pr eparing DNA from BAC deletion clones in 96 
well chambers, suitable for subsequent FIGE analyses and end sequencing, have also been 
described earlier (13, 25). 
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Fig. 3. Legend: FIGE display of an array of BAC deletion clone DNAs. DNA was isolated by 
the miniprep procedure from clon es of a library of end-deleted BACs generated using a loxP 
transposon. The DNA was digested with Not I en zyme before electrophoresis. Lane 1 shows 
a 5 kb ladder, and lane 2 shows the DNA from the starting BAC clone. 

1.3 Scoring authentic lox-Cre recombinations by unique size of BAC vector DNA upon 
Not I digestion 

Whether the BAC DNA of reduced size arose from an authentic lox-Cre recombination, as 
opposed to an internal deletion between sequence repeats or other recombinogenic sites in 
the genomic insert, is one of the early determinations that need to be made. Note that lox-
Cre independent deletions can also be packaged by the P1 headful mechanism when there is 
no selection for lox site transposition per se; such deletions are also efficiently isolated (23). 
Therefore all our loxP and lox511 transposons have been designed to alter the size of the Not 
I-Not I BAC-vector DNA band that arises from a Not I enzymatic digest of the deletion clone 
DNA [see references (23, 24, 27) for discussion]. An end-deletion from Cre-loxP 
recombination alters the size of BAC vector DNA, whereas deletions arising from within the 
genomic insert do not. End-deletions made with our lox511 transposons remove the Not I 
site at the lox511 end in the original BAC, resulting in a linear BAC with no separate vector 
DNA band (24). 
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Once authenticity of the retrof itted/ end-deleted BAC clone is established, the exact location 
of insertion of the transposon on genomic DN A is determined by sequencing the BAC DNA 
directly with unique primer sites located on ei ther the loxP or lox511 transposon ends that 
remain after deletion formation (13, 24). 

1.4 Truncations from the other end of insert DNA in BACs 

The genomic DNA insert in BACs is flanked by a loxP site at one end and a mutant lox511 site 
at the other (24, 26). Modern genome libraries of DNA from numerous organisms such as the 
mouse, rat, human and zebrafish have used the vector pBACe3.6 or its derivatives [reference 
(26), link for pTARBAC2.1 vector http://bacpac.chori.org/ptarbac21.htm], and all share this 
characteristic (27-31). End-deletions have been made specifically from the lox511 side of 
genomic insert by a similar approach using a lox511 Tn10 mini-transposon (24). 

It is important to note that second round de letions from the opposite end of insert DNA 
requires selecting for the transposition event in addition to the BAC DNA: because first 
round deletions are selected by P1 headfull packaging, all starting BACs for second round 
deletions would be less than ~110 kb, and hence require selecting for the low frequency of 
transposition [see reference (23, 24) for detailed discussions]. 

 
Fig. 4. Legend: Schematic representation of end-deletions generated from both ends of DNA 
insert in a BAC clone. The upper panel shows truncations from the lox511 end using a 
lox511 transposon. The largest clone from that library was then truncated from the loxP end 
with a loxP transposon. Figure is adapted from reference (24). 
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1.5 Potential Cre-mediated cross-recombination of loxP & lox511 sites does not occur 
in our method 

The 34 bp sequence in the mutant lox site, lox511, differs by one nucleotide in the spacer 
region from that of loxP [see references (24, 32), for actual sequence of lox511]. Varying 
degrees of promiscuity in recombining different mutant lox sites, including the lox511 
mutant, with wild type loxP have been reported in previous studies; using both partially 
purified Cre-extracts in vitro (32-36), or Cre over-expressed in cells (36-38). For example, 
cross recombination between loxP and lox511 has been reported to occur at efficiencies 
ranging from 5 to 100 % under those experimental conditions that express Cre constitutively 
(33, 35-38). We have not observed such cross-recombination, and high levels of stringency in 
vivo in recombining identical lox sites (21, 24), or lox sites with at least identical spacers (39), 
have been achieved with Cre protein expressed from its native source namely, a phage P1 
infection (21, 24, 39). Depending on whether a loxP or a lox511 transposon is used, 
truncations from the corresponding lox- end ca n be made readily and exclusively with high 
stringency [shown schematically in Figure 4]. Thus truncations of genomic DNA from either 
end are not only efficient, but are highly specific for that end. 

1.6 Exogenous DNA cassettes can be introduced precisely at one or both newly 
created BAC ends 

An important feature of the end-deletion technology is the ease of determining exactly where 
in the BAC the loxP-transposon had inserted to create the truncation: primers for sequencing 
the new BAC end have been designed into the loxP and lox511 transposon-ends remaining 
after the lox-Cre recombinations [see Figure 1 and references (13, 24)], and these have been 
used to generate ~600 base reads by sequencing the retrofitted BAC DNA directly. An 
additional feature is the ability to introduce reporter genes and other DNA cassettes precisely 
at the new end created in the BAC clone. The sequence in front of the loxP or lox511 arrows, as 
shown in Figures 1 and 4, is retained after the recombination event that creates the deletion 
[note that orientation of arrow refers to direct ionality of loxP and lox 511 sequences]. This 
particular feature has been utilized to place numerous DNA cassettes, such as: i) mammalian 
cell-selectable antibiotic resistance genes in the BAC (24), ii) a basal promoter-containing EGFP 
gene in the BAC to serve as an enhancer-trap to functionally localize potential gene-regulatory 
elements further upstream (14), and iii) introduce iTol2 ends to generate functionalized BAC 
DNA ready for integration into zebr afish or mouse chromosomes (15). 

The ability to truncate either end of a BAC insert progressively while keeping the other end 
intact is useful to a variety of mapping  experiments. Thus genetic markers and 
polymorphisms have been mapped on a physical map of the chromosome using this 
technology (13, 16). Long-range gene regulatory elements have also been mapped functionally 
using the end-deletion approach by either generating transgenic mice with EGFP 
functionalized BAC DNA (40), or electroporating patient-derived cells in culture (41). The 
Nkx2-5 gene containing BAC from a mouse library was functionalized with EGFP reporter 
gene using the phage �Ì red-recombination system, and then truncated progressively from the 
far upstream 5’ end of the Nkx2-5 gene using a loxP transposon to identify transcription-
enhancing factor binding sites (40). Monitoring mRNA levels of the gene of interest allows 
circumventing the use of a reporter gene such as EGFP in the BAC or PAC DNA, and a series 
of upstream deletions in a PAC clone was used to functionally identify potential far-upstream 
binding sites for transcription fact ors in the human Hox11 gene (41). 
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1.7 Simultaneous insertion of reporter gene & truncation of DNA from BAC ends 

The two separate steps of introducing the EGFP reporter gene and truncating far upstream 
sequences of the gene of interest in the BAC can be done simultaneously using lox-Tn10 
transposons (14). A basal promoter-containing EGFP gene was designed to serve as an 
enhancer-trap, and placed in front of the loxP arrowhead such that the cassette was retained 
after the end-deletion of th e BAC DNA [see upper panel of Figure 5 for enhancer-trap 
transposon]. Progressive truncations from one end of the genomic insert with this enhancer-
trap transposon generated a library of BAC DNA molecules that differ in the position of the 
enhancer-trap cassette with respect to the start site of transcription of the gene. The 
collection of well characterized BAC DNA can be  introduced individually into zebrafish 
embryos for expression of the gene in specific tissues (14). 

Such enhancer-trap containing BACs can be re-fitted again at the opposite end with DNA 
cassettes carrying repeat ends of the vertebrate transposon Tol2 as described below. 

 
Fig. 5. Legend: Schematic representation of deletion formation in starting BAC APPb EGFP 
enhancer-trap by pTnlox511-iTol2kan: Panel A shows generation of starting BAC APPb 
EGFP enhancer-trap by insertion of the enhancer-trap transposon (inverted triangle), and 
the location of APPb gene within the BAC clone. Panel B: Shown schematically is the 
insertion of the Tn lox511-iTol2kan transposon into the enhancer-trap APPb BAC DNA. The 
thick black arrows represent loxP and lox511 sites (discontinuous arrow). DNA cassettes in 
front of the loxP or lox511 arrows are retained after the loxP-loxP or lox511-lox511 
recombinations by Cre. The enhancer-trap DNA cassette is positioned in front of the loxP 
arrow (panel A), while the iTol2 cassette is located in front of the lox511 arrow. The colored 
arrowheads pointing outward in  the iTol2 cassette correspond to the 200 bp inverted repeat 
end R and 150 bp inverted repeat end L of the Tol2 transposon [see Suster et al 2009 ref (42)]. 
The kanamycin resistance gene is between the Tol2 inverted repeat ends. 
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1.8 BAC transgenesis in zebrafish and mice using Tol2 

BACs have been integrated into the germlines of zebrafish and mice using the vertebrate 
transposon Tol2 system (42). Tol2 ends, in the inverted orientation and flanking a 1 kb 
spacer DNA (iTol2), were introduced into the BAC DNA within the bacterial host using 
recombination of homologous sequences between the targeting vector and the genomic 
insert. This approach used to introduce the iTol2 cassette can have unintended 
consequences: other sequence repeats existing in BACs from vertebrate DNA libraries were 
likely to rearrange as well. This would complicate the introduction of iTol2 cassettes at best, 
and were likely to present major challenges in BACs spanning chromosomal loci that 
contained highly repetitive DNA, such as the Npr3 gene locus analyzed earlier (16). 
Therefore a simpler and more flexible system was developed using our Tn10 transposon 
approach to deliver iTol2 ends into BACs. These iTol2-end containing BACs are suitable for 
transgenesis into zebrafish or mouse embryos, and have recently been reported (15). 

The iTol2 DNA cassette was placed in front of a loxP or lox511-Tn10 transposon (15). 
Progressive truncations from an end of the genomic insert wi th this iTol2-Tn10 transposon 
generated a library of BAC DNA molecules that di ffered in the position of the iTol2 cassette 
with respect to upstream regulatory elements  of the Amyloid Precursor Protein (APPb) gene 
in the BAC. The collection of well characterized BAC DNA was introduced into zebrafish 
embryos individually for expression of EGFP in neurons (Figure 6). 

 
Fig. 6. Legend: Panel A: FIGE analysis of an array of APPb BACs with EGFP containing 
Enhancer-trap at loxP end and iTol2kan cassette at lox511 end of DNA insert. The BAC 
DNA was digested with Not I before FIGE. Note that there is no vector DNA band 
because the lox511-lox511 deletion with Cre removes both the Not I site in front of the 
BAC lox511 and the Not I site behind the lox511 in the transposon shown in panel B of 
Figure 5. Panel B: EGFP fluorescence in Germline transgenic F1 zebrafish obtained from 
injecting eggs (F0 zebrafish) with the BAC DNA shown by the blue arrowhead in lane 15. 
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1.8 BAC transgenesis in zebrafish and mice using Tol2 
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generated a library of BAC DNA molecules that di ffered in the position of the iTol2 cassette 
with respect to upstream regulatory elements  of the Amyloid Precursor Protein (APPb) gene 
in the BAC. The collection of well characterized BAC DNA was introduced into zebrafish 
embryos individually for expression of EGFP in neurons (Figure 6). 
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2. Exploring gene regulation by distal �F�L�V-acting sequences using BACs 

2.1 Rationale for using BACs to understand gene regulation 

BACs offer a large span of DNA that can house most, if not all, the sequences recognized by 
DNA-binding regulatory proteins that act in co ncert to regulate expression of the gene. But 
more importantly, the binding sites of regula tory proteins in the BAC DNA exist in their 
chromosomal contexts, with sequences flanking cis-acting sites that have evolved for millions 
of years, preserved. This cannot be said of small plasmid constructs used for expressing genes 
where multiple, easily-recognizable distal cis-acting sequences are excised from their 
surrounding DNA in the chromosome and cobbled together to create artificial junctions. 

2.2 Why is this important in regulation of gene expression? 

We know that both the rate of a reaction, as well as the equilibrium that a reversible reaction 
establishes, are related inversely and logarithmically to the activation energy or the free 
energy difference between the reactants and products, respectively. It implies that small 
changes in the binding affinities of DNA- binding regulatory proteins, important for 
regulation of gene expression, can profoundly affect the rates and equilibrium established in 
the cell. Also, gene regulatory proteins in the cell do not exist as monomeric units, but as 
components of multiple different protein complexes with different physical dimensions 
destined for a variety of purposes in the cell. Thus it can be argued that the same protein in a 
multimeric complex might not be able to play identical gene-regulatory roles if the 
sequences flanking its binding site are altered compared to when they exist in their 
chromosomal context. It is conceivable that some of this disparity in DNA-binding affinities 
resulting from binding to sites with altered flanking sequences could eventually manifest 
itself in altered tissue specificity of expression of the gene. 

There is also the issue of how one goes about selecting potential gene-regulatory elements to 
stitch together in a small plasmid designed for expressing a gene of interest. While one can 
make informed guesses one cannot be unbiased, as much of the players involved in the fine-
tuning of gene expression remain largely unknown. Using BACs functionalized with 
suitable reporter genes, and integrated into the chromosome, to explore regulation of genes 
by cis-acting elements appears to circumvent many of these difficulties. 

We have developed one such approach using BACs retrofitted with enhancer-traps (14). The 
overall effect of using this enhancer-trap technology in BACs is somewhat akin to scanning 
the BAC DNA from one end to the other with a “mine-sweeper” that is capable of 
unearthing transcription-enhancing factor bind ing sites. Functional comparisons between 
individual enhancer-trap BACs are thus more  meaningful as the modifications in each 
remain constant. It is important to note that  this approach to identifying gene-regulatory 
elements is likely to be less biased than a targeted approach, because there is no prior 
selection of sequences for testing their gene-regulatory potential (14, 15). In situations where 
regulatory function is conserved without sequ ence similarity (43), choosing the correct 
sequence to test might be a hit-or-miss phenomenon with a targeted approach. Thus using 
enhancer-traps to scan BACs offers an effective and relatively unbiased alternative to other 
targeted approaches to functionally map cis-acting gene regulatory elements. Important 
transcription enhancing elements have been discovered using this approach in non-coding 
DNA from the intron, and 30 kb upstream of  the APPb gene transcription start site 
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[reference (14), and Shakes, Du, Sen, Abe, Kawakami, Wolf, Hatcher, Norford and 
Chatterjee manuscript in preparation]. 

The BAC enhancer-trap technology described above has three additional features that 
should prove beneficial: i) allows samp ling much larger sequences of DNA, and 
consequently multiple discontinuous regulatory  domains simultaneously compared to small 
plasmids, ii) the context of regulatory DNA wi th respect to the gene and chromosome is 
preserved and, iii) can be used with BACs in established libraries from a wide variety of 
organisms, and tested in several species. Although the methodology does not allow 
generation of internal deletions, truncations from the end opposite to the enhancer-trap can 
be made with a lox511 transposon [as seen when iTol2-end DNA cassettes were introduced 
at the other end of BAC DNA, (Figures 5 and 6)] to explore functions of candidate 
regulatory regions in a limited way. Se quences bending DNA (45-47), or phasing 
nucleosomes and other transcription factors (48-50) are left unaltered using BACs compared 
to characteristics of the gene region found endogenously. Bringing exogenous pieces of 
DNA together to create artificial junctions in small plasmids to trans- activate reporter genes 
does not adequately address the endogenous role of the regulatory sequence; and this is 
avoided using BACs. It is probably worth noting that DNA structure surrounding 
regulatory factor binding sites have evolved over long periods, and these are also left 
unaltered here. We noted earlier that there were 52 sites with six or more consecutive A-
residues, known to cause bends in unpackaged DNA (46), in the ~28 kb upstream 
regulatory sequence identified as important in regulating APPb (14). 

2.3 Substitution of Lox sites flanking BAC inserts with Lox66 

In a different application Tn10 transposons carry ing ‘arm’ mutants of loxP, such as lox66, 
have been used to successfully substitute the loxP site at one end of the genomic insert DNA 
in a BAC (39). It should be possible also to substitute the lox511 site at the other end of insert 
DNA in a similar manner using a lox site with an identical ‘spacer’ as lox511 but carrying a 
different ‘arm’ sequence. The usefulness of such substitutions of loxP or lox511 sites in BACs 
with lox66 is realized from the fa ct that the integration of loxP plasmids to a loxP site on the 
chromosome is reversible, with the equilibrium favored for excision. Targeting lox66 
substituted BACs specifically to pre-positioned lox71 sites in chromosomes via lox-Cre 
recombination should be irreversible. Such strategies are likely to be particularly useful in 
systems such as the zebrafish, where classical “knock-in” technology cannot be used 
because of genome duplication in an ancestral teleost [see reference (39) for discussion]. 

2.4 Pros and cons of the transposon retrofitting approach 

The insertions of exogenous DNA cassettes into BAC DNA are performed using Tn10 
transposons carrying loxP or lox511 sites, and do not rely upon sequences existing in the 
genomic inserts of BACs. Consequently, the Tn10 transposons developed for a particular 
objective are applicable to all BACs in the public domain. This feature is unlike the targeting 
vectors used in homologous recombination dependent strategies, where the targeting vector 
plasmids need to be constructed anew for each BAC. 

Because the insertions of these Tn10 transposons into genomic DNA in BACs appear to be 
largely random [see references (16) for discussion], large collections of BACs with ends 
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progressively trimmed are generated in a single experiment. Such libraries, when made with 
Tn10 transposons carrying enhancer-traps or iTol2 cassettes, are uniquely suited for 
functionally mapping long-range gene regulato ry sequences using transgenic animals. Thus 
multiple BACs from a contig spanning a genetic locus should enable such functional 
analyses to be extended over large sections of the genome. The approach does not require 
selecting sequences for mutational analysis to test their gene regulatory potential, thus it is 
an unbiased approach. It enables enhancer-trap containing BACs, or BACs retrofitted with 
EGFP cassettes by sequence homology based recombination, to be converted into deletion 
libraries with integrated iTol2 ready for chromosome integration. Thus compared to 
traditional approaches for enhancer-trapping used with whole genomes in animals (51-59), 
our approach using individual BACs, has the potential to allow a more uniform coverage of 
the genome because the baseline efficiency of trap insertion is reset for individual BACs in 
the bacterial host. Although there appear to be vast regions of the genome refractory to 
enhancer-trapping by traditional means, to da te we have not encountered BACs refractory 
to Tn10 transposon insertions. 

The absence of undesirable rearrangement of insert DNA due to the high content of 
sequence repeats in certain BACs is an additional advantage with our approach. We note 
that vertebrate DNA in general and mammalia n DNA in particular, has large numbers of 
DNA sequences that are repeated (16). Use of radioactive isotopes is also avoided because 
no Southern blotting is required in retrofitting BACs with transposons. 

A notable drawback of the transposon based approach appears to stem from the very 
feature that makes it readily doable: the P1 headful packaging strategy used to isolate the 
functionalized BAC so easily also limits the size of BAC DNA that can be analyzed to ~ 110 
kb. Although the genomic DNA insert is truncate d in the process, the resulting 103 kb insert 
DNA size, the remainder being modified BAC vector, is unlikely to be a disadvantage in 
most applications; because a majority of vertebrate genes can be housed in their entirety 
within this size limit. Almost half of evolut ionarily conserved non-coding gene-regulatory 
sequences in vertebrate genomes (60), and probably a similar fraction of those that are 
conserved in function and shape but not in sequence (43, 44), are located within this span of 
DNA adjoining start sites of transcription of genes. 

Lastly, both the lox sites flanking insert DNA in BACs can be readily substituted with lox 
sites with identical spacer but different  arms using Tn10 transposons (39). Such 
replacements would make the ~110 kb retrofitted BACs amenable to “knock-in” strategies of 
a slightly different type: BACs with lox66 substituted for loxP should be targetable to lox71 
sites in chromosomes of organisms such as zebrafish, a system where conventional 
homologous recombination-mediated “knock-in” technology is unavailable due to genome 
duplication in an ancestral teleost during evolution (61). 

Clearly the transposon retrofitting strategy and those based on homologous recombination 
have strengths that appear somewhat complimentary in nature. Thus a judicious approach 
might be to use a combination of the two methodologies, as demonstrated in earlier studies 
(40, 15). Introducing the Tol2 inverted repeat ends to the ends of genomic DNA insert in a 
BAC that was previously functionalized with a reporter gene appears straightforward and 
easier to do with the Tn10 transposon approach. The libraries of iTol2 inserted BACs 
generated should also facilitate integration of trimmed single genes into the germline and 
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help to functionally map cis-acting gene regulatory sequences in animals. The approach 
should be applicable to a wider variety of BACs, including those with sequence repeats. 

3. List of abbreviations 

BAC- bacterial artificial chromosome/ FIGE - Field inversion gel electrophoresis/ APPb-
amyloid precursor protein gene b/ EGFP-enhanced green fluorescent protein 
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1. Introduction 

The varicella-zoster virus (VZV or Human He rpesvirus-3) is a member of the human 
herpesvirus family. Identified as the causativ e agent of chickenpox and shingles, VZV is a 
significant pathogen in the United States, infecting over 90% of the US population 
(Abendroth & Arvin, 1999). Primary VZV infect ions generally occur during childhood and 
result in a relatively benign illness termed varicella (chickenpox). However, like all 
herpesviruses, VZV will establish latency in the host’s sensory neurons. This occurs 
specifically in the trig eminal ganglia and dorsal root gang lia (Arvin, 1996; Gilden et al., 
2000), where the virus can hide from the immune system for years and often a lifetime.  

Reactivation of this virus with increasing age or immunosu ppression results in herpes 
zoster (shingles). Herpes zoster is a more painful, neurocutaneous infection associated with 
acute or chronic neuropathic pain and a signif icant incidence of post-herpetic neuralgia, a 
complication causing many patients to continue suffering excruciating pain, lasting 
anywhere from months to years after infection due to the resulting nerve damage (Cohen et 
al, 2007). This not only greatly increases the cost of medical care, but also significantly 
compromises the quality of life in the elderly (Pickering & Leplege, 2010; Opstelten et al., 
2010; Burgoon et al, 1957).  

1.1 The varicella vaccine 

In the early 1970s, Japanese researchers isolated a VZV sample from the blood of a small 
boy. Through serial passage in cell culture, scientists were able to successfully develop the 
first live attenuated varicella vaccine (Takahashi et al., 1974; Arvin, 2001; Gershon, 2001). 
The vaccine strain was termed the Japanese Oka varicella virus (v-Oka). By 1995, this 
chickenpox vaccine was introduced to the United States and quickly recommended for 
vaccination in all children. Si nce then, chickenpox incidence in the US has dramatically 
declined; the effectiveness of this vaccine is estimated to be between 72% and 98% 
(Hambleton & Gershon, 2005). Nevertheless, outbreaks of chickenpox are still ever-present. 
Furthermore, the vaccine may indirectly increa se the occurrence of herpes zoster in the 
elderly population by lessening the number of natural infectio ns, and therefore lowering the 
exposure to wild-type VZV that would boost natural immunity (Arvin, 2001; Galea et al, 
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2008; Volpi, 2005). It is also important to note that the current shingles vaccine has been 
shown to only reduce the risk of shingles by 50% (Oxman et al., 2005). Because of this, VZV 
continues to be an important public health concern. In order to impr ove future prevention 
and treatment of VZV infections, a better unde rstanding of VZV’s biology and pathogenesis 
is critical.  

1.2 VZV research methods 

VZV contains the smallest genome among the eight human herpesviruses, consisting of a 
125-kb double-stranded DNA genome that encodes 70 unique open reading frames (ORFs). 
The function of most of these ORFs, however, was largely unknown until recent years. This 
is in part due to the absence of both a genetic tool to efficiently generate mutant clones for 
loss-of-function studies and a true animal model for large scale screening of in vivo virulence 
factors (Cohen et al., 2007).  

Obstacles in mutagenizing VZV include its large genome size, narrow host range, and 
marked differences in replic ation cycles when studied in vitro versus in vivo (Arvin, 1996; 
Cohen, 2001). A once prevalent technique to create recombinant VZV variants was the four-
cosmid system, made by cloning overlapping segments of the VZV genome into four large 
cosmids (Cohen & Seidel, 1993; Mallory et al, 1997; Niizuma et al., 2003). Co-transfection of 
these cosmids, one of which containing a mutation in the desired ORF, created a 
recombinant VZV variant. However, this method  alone faced many challenges. For example, 
research was thwarted because co-transfection of the large cosmids into permissive 
mammalian cells and multiple homologous recombination events within a single cell were 
necessary to generate the full-length viral genome (Zhang et al, 2008). 

More recent developments have helped to circumvent these problems by cloning the entire 
VZV genome as a bacterial artificial chromosome (VZVBAC) (Nagaike et al., 2004). This 
approach provides easy and efficient manipulation of the viral genome and rapid isolation 
of recombinant viruses, making the systemic deletion of every ORF in the genome feasible.  
A firefly luciferase cassette is also inserted into the VZVBAC to produce a novel luciferase 
VZV Luc BAC. This allows us to not only generate VZV ORF deletion mutants, but also 
monitor its subsequent growth in cultured cells.  

2. Generation of a VZV BAC 

Viral BACs are created when a BAC vector sequence is inserted into the viral genome. 
Typically, a BAC vector is roughly 10-kb long and contains an origin of replication, genes 
essential for BAC replication, and genes to control the rate of replication; ideally the copy 
number should be limited to one or two BACs per bacterial cell (Warden et al., 2010). An 
antibiotic resistance marker and selection marker, such as a green fluorescent protein, are 
also added to select for bacterial colonies harboring the BAC vector and isolate these 
BAC-containing recombinant viruses. BAC vectors in addition must also be flanked by a 
500-1000-bp sequence homologous to the target sequence at the site of insertion. Lastly, 
loxP sites are commonly included at both ends of the BAC sequence to excise the vector 
after recombinant viruses are generated, as is required for vaccine production (Zhang et 
al., 2007, see below). 
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2.1 The pUSF-6 vector 

For our purposes, the VZVBAC was constructed from a pUSF-6 vector. As shown in Fig. 1, 
this vector contains the prokaryotic replication origin ( ori), replication and partition 
function (repE, parA, parB) genes, chloramphenicol resistance (camr) gene, and a green 
fluorescent protein (GFP) gene. Insertion of a GFP reporter gene in BAC DNA is a popular 
means to visualize in vitro infections in cell culture. Viral GFP is expressed using the SV40 
early promoter and polyadenylation signal s, which activate the gene during the 
appropriate stages of viral replication and cause the cell to fluoresce (Marchini et al., 
2001). The vector is also flanked by two 500-bp VZV fragments and contains a loxP site at 
each end (Fig. 1).  

 
Fig. 1. The BAC vector, pUSF-6. The vector contains the prokaryotic replication origin (ori), 
replication and partition ( repE, par, and parB) genes, camr gene, green fluorescent protein 
(GFP) gene, two loxP sites and two VZV homologous sequences, a and b. To insert this BAC 
vector into a VZV cosmid, pUSF-6 was digested by BamHI, resulting in a linear fragment. 

2.2 Construction of the VZV BAC (VZV BAC) 

Generally, BAC vectors can be directly inserted into viral genomes via homologous 
recombination. However, this method cannot be used to construct the VZVBAC because the 
virus’ highly cell-associated nature makes isolation of the VZV genome and purification of 
recombinant plaques difficult (Nag aike et al., 2004). Instead, VZVBAC clones are constructed 
using a set of four overlapping cosmids spanning the entire VZV genome (Fig. 2).  

Fig. 2. Schematic diagram the VZV genome and four-cosmid system. The VZV clinical 
strain, p-Oka, consists of a 125-kb genome with unique long (UL) and unique short (US) 
segments. Four cosmids with overlapping VZV genomic segments are shown. The BAC 
vector-containing plasmid, pUSF-6, was inserted between ORF60-61. 

First, the pUSF-6 vector was inserted into VZV cosmid pvSpe23, between ORF60 and ORF61 
(Fig. 2), via homologous recombination (Yu et al., 2000). The BAC-containing cosmid was 
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then co-transfected with three complementary cosmids (Niizuma et al., 2003) into human 
melanoma (MeWo) cells. Because each of the four cosmids contains an overlapping 
sequence, the cosmids can recombine into one large circular virus genome via homologous 
recombination to create the recombinant virus. Our use of the GFP selectable marker in the 
pUSF-6 vector allowed for visualization of the recombinant VZV BAC in plaques that form 
post-transfection (Fig. 3C). Finally, the VZV BAC DNA from the infected cells was purified 
and transformed into E. coli. Chloramphenicol-resistant colonies were selected for and used 
to isolate the desired VZVBAC DNA (Zhang et al., 2007).  

We used restriction enzyme digestion and DNA sequencing to verify the integrity and 
stability of the VZV BAC DNA. VZV BAC DNA was digested by HindIII, yielding the predicted 
digestion pattern with a sum of ~130 kb (Fig. 3G), thus indicating that no large deletions and 
rearrangements were present. In addition, the ORF62/71 gene was sequenced to check for 
base-pair changes in the VZVBAC genome after synthesis in E. coli. This large duplicated 
gene, encoding an immediate-early transactivating protein (Perera et al, 1992), was 
amplified via PCR and cloned into a pGEM-T vector for sequencing. Because the ORF62/71 
sequences in the VZVBAC were identical to those of the published p-Oka strain, we can 
conclude that the BAC DNA in E. coli is stable.  

 
Fig. 3. Construction of VZV BAC. (A) The BAC-containing cosmid was co-transfected with 
the three complementary cosmids into MeWo cells. (B) Homologous recombination between 
cosmids formed a circular, full-length VZV BAC genome. (C) The recombinant BAC was 
replicated, and produced a plaque visualized with the GFP marker. (D) Circular DNA was 
isolated from infected cells, (E) transformed into E. coli, and selected for cmR colonies. (F) 
The VZVBAC DNA was isolated from E. coli and (G) verified by restriction digestion and 
partial sequencing. (H) The infectivity and integrity of the VZV BAC were tested by 
transfecting BAC DNA into MeWo ce lls to generate the VZV virus.  

The GFP marker in the viral genome was also tested; MeWo cells were infected with 
VZV BAC and continuously passed four times (1:10 dilution) over two w eeks. On examination 
of the plaques under a fluorescent microscope, all VZVBAC-infected cells fluoresced green, 
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signifying the stability of the GFP marker in the viral genome. Lastly, the infectivity and 
integrity of the VZV BAC were confirmed by transfecting  BAC DNA into MeWo cells to 
produce the virus. A summary of the proce ss to construct a VZV BAC and verify its 
integrity is illustrated in Fig. 3.  

3. Application of VZV BAC with a luciferase marker 

Visualization markers are often inserted into the viral BAC genome to detect and quantify 
viral replication. Two methods frequent ly utilized are fluorescence imaging and 
bioluminescence imaging. Fluorescence-based imaging, such as through the use of a GFP 
reporter gene, is a common method to monitor in vitro infections and allows researchers to 
study the interaction of a given virus with its host (Tang, 2008). Visualization of in vivo  
infections on the other hand, can be established by the use of bioluminescence imaging (BLI). 
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serves as an excellent indicator for in vivo studies (Tang et al, 2008). 

There are many advantages to employing BLI over other bio-imaging techniques; one of the 
key factors is its use of luciferin. Not only can luciferin permeate all tissues in vivo (including 
cell membranes and the blood-brain barrier) (Contag et al., 1997; Rehemtulla et al., 2002), the 
substrate can also be administered numerous times to the same animal and provides great 
accuracy, due to its low toxici ty and high sensitivity, resp ectively (Contag et al., 1997; 
Rehemtulla et al., 2000). When exposed to the appropriate luciferin substrate, luciferase will 
catalyze an oxidation reaction to produce light visible to the human eye. The light’s intensity 
depends on the amount of luciferase present, which can be determined by quantifying the 
relative amounts bioluminescence emitted in vivo via computer-based analysis. For this 
reason, engineering viral BACs to express luciferase can be especially valuable for 
monitoring the activities of the promoter that  mediates gene regulation, detecting sites of 
viral infections, and quantifying viral replicat ion in living cultures and animals (Zhang et 
al., 2007; Zhang et al., 2008; Dulal et al., 2009; Zhang et al., 2010). 

3.2 The VZVBAC with a luciferase marker (VZV Luc ) 

To generate a VZV strain expressing luciferase, a firefly luciferase expression cassette was 
inserted into the intergenic region  between ORF65 and ORF66 of the VZVBAC genome. This 
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clone was transfected into MeWo cells to produce the VZVLuc strain. 24 hours later, cell 
culture media was replaced with media containi ng 150 µg/ml D-luciferin. After incubation 
at 37°C for 10 minutes, bioluminescent signals were observed and quantified using an In 
Vivo Imaging System (IVIS).  

Upon analysis (Fig. 4), the growth of VZV Luc closely resembled that of its parental VZVBAC 

(data not shown). This confirms that the additi on of a luciferase reporter to the viral BAC 
did not change its growth proper ties. Unlike its parental strain however, only cells infected 
with VZV Luc expressed high levels of luciferase activity (Fig. 4A) and emitted a strong 
bioluminescence after the addition  of D-luciferin (Fig. 4B).  

To explore the possibility of using bioluminesce nt signals as an indicator of viral growth, 
bioluminescent assays were compared to the conventional infectious center assay. Plates were 
inoculated with wild-type (WT) VZV and VZV Luc. Their viral titers were quantified daily via 
both methods for seven days and the data collected was used to construct viral growth curves 
(Fig. 4C). As the figure illustrates, the intensity of the bioluminescent signals strongly 
correlated with the viral titers generated by an infectious center assay. Thus, this data supports 
BLI as an alternative method for growth curve assays and quantifying viral titers. 
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Fig. 4. Analysis of the VZVLuc strain. (A) Luciferase assay. MeWo cells were infected with 
VZV BAC/VZV Luc for two days; luciferase activity was measured. The cells infected with 
VZV Luc showed a high level of luciferase activity, while the parental VZV BAC strain showed 
no activity. (B) Bioluminescence measure. Two wells of MeWo cells were infected with 
VZV BAC (upper left), and two were infected with VZV Luc (upper right). Two days post-
infection, D-luciferin was added to the cultured wells. Bioluminescence was measured and 
could only be detected in VZV Luc-infected cells. The intensities are indicated by an intensity 
scale bar at the top; higher intensities are represented by warmer colors, and lower 
intensities are represented by cooler colors. The infection was verified by the GFP-positive 
plaques (bottom panel). (C) Correlation of luminescence and plaque numbers. Growth 
curves generated by an infectious center assay (black curve and left scale) and a 
bioluminescence assay (green curve and right scale) were compared. 

3.3 Bioluminescence imaging for studying VZV in SCID-hu mice 

Another useful application of bioluminescence imaging is the live-image analysis of VZV 
replication in severe combined immunodeficient mice with human tissue xenografts (SCID-hu 
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Fig. 4. Analysis of the VZVLuc strain. (A) Luciferase assay. MeWo cells were infected with 
VZV BAC/VZV Luc for two days; luciferase activity was measured. The cells infected with 
VZV Luc showed a high level of luciferase activity, while the parental VZV BAC strain showed 
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could only be detected in VZV Luc-infected cells. The intensities are indicated by an intensity 
scale bar at the top; higher intensities are represented by warmer colors, and lower 
intensities are represented by cooler colors. The infection was verified by the GFP-positive 
plaques (bottom panel). (C) Correlation of luminescence and plaque numbers. Growth 
curves generated by an infectious center assay (black curve and left scale) and a 
bioluminescence assay (green curve and right scale) were compared. 

3.3 Bioluminescence imaging for studying VZV in SCID-hu mice 

Another useful application of bioluminescence imaging is the live-image analysis of VZV 
replication in severe combined immunodeficient mice with human tissue xenografts (SCID-hu 
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mice). Because VZV only infects human cells, in vivo studies of VZV pathogenesis have been 
limited to the use of immunodeficient mice wi th human tissue implants. However, although 
SCID-hu mice are established as appropriate models for studying VZV pathogenesis (Besser et 
al, 2003; Ku et al., 2005; Zerboni et al., 2005), collecting quantitative data has been a major 
challenge. Since measuring viral growth requir ed the mice to first be euthanized, it was 
impossible to monitor the progression of the vira l infection in the same mouse. In addition, 
viral titers tend to vary from animal to animal because of the differently sized implants (Moffat 
& Arvin, 1999), thus hindering not only the frequency of data collection, but also the accuracy 
as well. These factors greatly impeded efforts to study large numbers of VZV variants and 
made it difficult to discern minor phenot ypic differences leading to pathogenesis. 

The development of BLI has been extremely helpful to circumvent these obstacles. 
Luciferase provides a visible marker for detecting VZV in human tissues within living 
animals. By using VZV Luc, the SCID thymus-liver mouse model, and In Vivo Imaging System 
(IVIS, Xenogen), the spread of the VZV infection can be frequently monitored in the same 
mouse over an extended period of time; thereby, allowing the generation of credible growth 
curves to gain accurate insights into VZV’s growth kinetics in vivo.  

We applied this method to explore VZV replication and measure its spread in vivo. Human 
fetal thymus and liver tissue were implanted un der the left kidney capsule of the SCID 
mouse. Over the course of the next few months, the implanted tissue developed into a 
thymus-like organ consisting mainly of T cells. VZV-infected cells were then inoculated into 
the SCID-hu mice with thymus-liver im plants. VZV replication was measured in vivo after 
the injection of the luciferin substrate, using an IVIS. Each mouse was imaged daily, starting 
four hours after inoculation (i.e day zero), for eight days (Fig 5A).  

Our data depicts the daily increase in biolum inescence emitted from the infected implants 
(Fig. 5B). The quantified signals were plotted to generate an in vivo growth curve (Fig. 5C). 
As shown, VZV grew rapidly in human T cells, doubling approximately every 12 hours and 
peaking at seven days postinfection. The exponential growth curve is then followed by a 
steady state where the viral infection reaches the saturation limit of the implant. 

We also tested the VZVLuc viruses for their spread and detection in human fetal skin 
xenografts in vivo. Similar to the process outlined above, human skin tissues were 
introduced into SCID mice. Four  weeks after implantation, VZV Luc virus was inoculated into 
the skin tissues and viral growth was monitore d every two to three days for 15 days using 
an IVIS. High luciferase activity was detected in the implants (dat a not shown), verifying 
VZV Luc’s ability to grow in skin tissue in vivo.  

In short, by engineering VZV to express luciferase enzymes, bioluminescence imaging can 
be used to monitor the progression of viral gr owth and quantify viral replication in organ 
cultures and SCID-hu mice. Compared to the traditional infectious center assay, BLI not 
only saves time and labor, but also significantly increases the reproducibility of results 
(Doyle et al., 2004). Moreover, the presence of luciferase activity indicates viral replication in 
cells and not free-viral particles (Zhang et al., 2010), making BLI the most suitable method 
for studying this particular cell-associated virus. Consequently, the development of BLI has 
greatly facilitated our ability to investigate aspects of VZV infection in the SCID-hu mouse 
model and has significantly advanced our understanding of VZV pathogenesis and virus-
cell interactions (Zerboni et al., 2010; Arvin et al, 2010; Zhang et al; 2010; Moffat & Arvin; 
1999; Arvin, 2006).  
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Fig. 5. Monitoring VZV Luc virus replication in SCID-hu mice. (A) SCID-hu model. 1. Human 
fetal thymus/liver tissues were  implanted under SCID mouse kidney capsule. 2. Two to 
three months later, the implant was inoculated with VZV Luc. 3. Viral replication in human T 
cells was detected by IVIS. (B) Replication and progression of VZVLuc in human 
thymus/liver implants in SCID mice. Three SC ID-hu mice with thymus/liver implants were 
inoculated with VZV Luc. Using IVIS, each mouse was scanned daily (from day 0 to day 8). 
Measurements were taken 10 minutes after i.p. injection with luciferin substrate. Only 
images from one mouse are shown. Warmer colors indicate higher viral load; colder colors 
indicate lower viral load. (C) VZV growth curves in vivo.  Bioluminescence from three SCID-
hu mice in the above experiment (B) was measured and VZV growth curves in human 
thymus/liver implants  were generated. 

4. Generation of recombinant VZV using a highly efficient homologous 
recombinant system 

To test the novel VZVLuc system for studying VZV pathogenesis, five single ORF deletion 
mutants were first generated, starting from ORF0 to ORF5, via the homologous 
recombination system harbored in DY380 E. coli. Afterwards, the VZV Luc was used for 
genome-wide mutagenesis to systematically delete each individual VZV ORF for functional 
characterization of the VZV genome. 

4.1 The DY380 �(�����F�R�O�L strain 

The DY380 E. coli strain offers a highly efficient homologous recombination system for 
chromosome engineering by enabling efficient recombination of homologous sequences as 
short as 40-bp (Yu et al., 2000). A defective lambda prophage supplies the function that 
protects and recombines linear DNA. In addition, the system is strictly regulated by a 
temperature-sensitive lambda repressor. This allows homologous recombination between 
two sequences to be transiently induced by activating the pr ophage through incubation at 
42°C for 15 minutes.  
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4.2 Generation of a VZV deletion clone 

The entire process to engineer a VZV ORF deletion mutant (ORFXD) is illustrated in Fig. 6. 
VZV Luc BAC DNA was first introduced into DY380 by electroporation. Homologous 
recombination functions were transiently indu ced by increasing the culturing temperature 
to 42°C for 15 minutes during electropor ation-competent cell preparation. A kan R expression 
cassette was amplified from pGEM-oriV/kan R by PCR using two primers containing 40-bp 
homologous sequences flanking the target ORF (ORFX). The PCR product was then 
transformed into the DY380 harboring the VZV Luc BAC via electroporation. As expected, 
homologous recombination occured between the ORF flanking sequences of the cassette and 
targeted ORF, replacing the ORFX with the kanR gene and generating an ORFXD VZV clone 
(Zhang et al., 2008).  

 
Fig. 6. Generation of a VZV deletion clone. (A) The DY380 strain permits transient induction 
of recombination system by incubation at 42°C for 15 min during electro-competent cell 
preparation. VZV Luc BAC DNA was introduced into DY380 by electroporation. (B) 
Amplification of the kan R expression cassette by PCR using a primer pair to add 40-bp 
homologous sequences flanking ORFX. (C) 200ng of the above PCR product was 
transformed into DY380 carrying the VZV Luc BAC by electroporation. (D) Homologous 
recombination between upstream and downstre am homologies of ORFX replaced ORFX 
with the kan R cassette, creating the ORFX deletion VZV clone. (E) Recombinants were 
selected on LB agar plates. (F) The deletion of ORFX DNA was isolated and confirmed by 
testing antibiotic sensitivity and PCR analys is. The integrity of the viral genome after 
homologous recombination was examined by restriction enzyme digestion. (G) Purified 
BAC DNA was transfected into MeWo cells. (H) 3- 5 days after transfection, the infected cells 
were visualized by fluorescence microscopy. 

Successful ORF deletion clones were confirmed by three sequential procedures: 1. antibiotic 
sensitivity selection, 2. mini-preparation of  BAC DNA with PCR verification, and 3. maxi-
preparation of BAC DNA with HindIII digestion pr ofiling. Firstly, recombinants were selected 
on LB plates with chloramphenicol or kanamyci n for resistant colonies. It was also important 
to verify that the deletion clones were sensitiv e to ampicillin since ampic illin-resistant circular 
pGEM-oriV/kan R was used as the PCR template. Multiple colonies were then selected for 
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mini-preparation of BAC DNA to confirm the ORF deletion and kan R replacement by PCR. 
Lastly the PCR-verified clones were chosen for maxi-preparation of BAC DNA and digested 
with HindIII to ensure that only the targeted  sequence was deleted. When the digestion 
pattern of the deletion clone was compared to that of the parental WT VZV Luc clone, no 
additional deletions from the genome were  detectable (as shown in Fig. 3G).  

Finally, to generate VZV deletion mutant viruses,  these verified clones were transfected into 
MeWo cells, along with WT VZV Luc DNA. The size and growth kinetics of the virus as 
measured by resultant plaques, or absence of plaques, are indicative of the essentiality of a 
particular VZV ORF for viral replication, discussed later. 

4.3 Generation of a VZV rescue clone 

VZV ORF deletion rescue clones were also generated (Fig. 7) in order to show that growth 
defects observed in analyses of the deletion mutants are a direct result of the deleted genes, 
as opposed to potential mutations in other regions of the genome. Ideally, the wild-type 
phenotypes should be fully restored in these rescue viruses. 

 
Fig. 7. Generation of a VZV rescue clone. (A) ORFX was amplified by PCR from the WT 
VZV BAC DNA and (B) directionally cloned into plasmid pGEM-lox-zeo to form pGEM-lox-
zeo-ORFX. (C) Amplification of the ORFX-zeoR rescue cassette by PCR using a primer pair 
adding 40-bp homologies flanking ORFX. (D) The PCR product was transformed into DY380 
carrying the VZV Luc ORFX deletion via electroporation. (E) Homologous recombination 
between upstream and downstream homologies of ORFX replaced kanR with the ORFX-zeoR 
rescue cassette. (F) ZeoR and BAC vector sequences were removed post-verification by co-
transfecting a Cre recombinase-expressing plasmid, creating th e ORFX rescue clone. 

To generate ORF deletion rescue clones (ORFXR), the targeted ORF deletion was amplified 
from wild-type VZV Luc BAC DNA by PCR. Next, the ORFX was directionally cloned into 
plasmid pGEM-lox-zeo to produce pGEM-zeo-ORFX. This was then used as the template to 
generate the ORFX-zeoR cassette via PCR using a primer pair to add 40-bp sequences, 
homologous to the kanR cassette flanking ORFX. In a process similar to the homologous 
recombination system described earlier, the PCR product was transformed into DY380 
carrying the ORFX deletion genome (Fig. 7C). The kanR cassette was replaced with the 
ORFX-zeoR rescue cassette by homologous recombination, thus allowing for positive 
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selection of zeocinR colonies. Because the zeoR gene within the rescue cassette is flanked by 
two loxP sites, it can be removed along with the BAC vector, through Cre-mediated 
recombination, generating the desired ORFX rescue virus. Full recovery from the marked 
growth defects is expected after using this rescue method to restore the wild-type ORF.  

5. Functional profiling of VZV genome 

Even though VZV has the smallest genome among all human herpesviruses, less than 20% 
of the VZV genome had been functionally characterized (Cohen et al, 2007). In order to 
investigate VZV ORF function, we created an entire library of single VZV ORF deletion 
mutants using the DY380 E. coli recombination system. The individual functions of each 
ORF were determined by transfecting MeWo cells with mutant DNA, and observing the 
subsequent growth of viral plaques. If a VZV ORF is nonessential for viral replication, 
plaques corresponding to the deleted ORF should be detectable 3-5 days after transfection 
and resemble the growth of the wild-type virus. Plaques that grow significantly smaller and 
later suggest that the ORF strongly influences optimal growth. The absence of a plaque 
entirely implies that the ORF is essential for viral replication. 

5.1 Essential VZV ORFs 

The results indicate that among VZV’s 70 unique ORFs, 44 ORFs are essential for viral 
replication in cultured MeWo cells, while 26 ORFs are nonessential (Zhang et al., 2010). Fig. 
8 provides a visual representation of the entire VZV genome and categorizes the essentiality 
of each ORF based on the growth properties of its corresponding deletion mutant virus.  

 
Fig. 8. VZV genome-wide functional profiling base d on analysis of single viral ORF deletion 
mutants. Each VZV ORF is color-coded according to the growth properties of its 
corresponding virus gene-deletion mutant in cultured MeWo cells and human fetal skin organ 
cultures. The grey lines for ORF42 represent a splicing junction. For all growth curves, wild-
type infections served as positive controls and mock infections served as negative controls. 
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Various studies, cumulatively, have found th at the essential VZV ORFs encode genes for 
viral structural proteins, transcriptional re gulatory proteins, and enzymes involved in 
DNA replication. The majority of these crucial ORFs encode proteins with imperative 
functions in maintaining the viral life cycle. For example, some ORFs are a part of the 
viral tegument and encode immediate-early proteins with transcriptional regulatory 
activity (Perera et al., 1992; Defechereux et al., 1993; Moriuchi et al., 1994). Other ORFs 
encode phosphoproteins primarily contained in the nuclei of infected cells (Moriuchi et 
al., 1993). It has also been reported that most of the VZV ORFs encoding glycoproteins 
also belong in this group of genes indispensable for viral replication (Mallory et al., 1998; 
Yamagishi et al., 2008). 

Upon further analysis, we found that essent ial VZV genes have significantly different 
enrichment for functional categories than  nonessential genes. As depicted by the 
distribution of functional annotations (Fig. 9A), essential VZV genes are significantly 
enriched for DNA replication and DNA pack aging. These include genes encoding the 
subunits of VZV DNA polymerases, DNA binding proteins, DNA packaging proteins, and 
nucleocapsid proteins. 

5.2 Nonessential VZV ORFs 

As previously mentioned, 26 of the 70 unique VZV ORFs were deemed nonessential for 
VZV replication in MeWo cells (Zhang et al., 2010). Of these, 8 ORFs appeared to 
significantly affect viral growth. In viral growth assays, the peak signals from their 
corresponding plaques were at least 5-fold less than the peak signals from the WT parental 
strain. Furthermore, atypical morphology of virally infected cells, such as reduced plaque 
sizes and altered syncytia formation, were also frequently observed. Studies have shown 
that some of these ORFs affecting optimal growth encode the small and large subunit of 
ribonucleotide reductase (Heineman & Cohen, 1994) and specific phosphoproteins that are 
post-translationally modified by protein kinases (Reddy et al., 1998). 

The plaques corresponding to the remaining 18 nonessential VZV ORF deletions exhibited 
wild-type growth in cultured MeWo cells (Zhang et al., 2010). In vitro growth curve analysis 
for viral replication showed that these ORF de letion mutants have the same growth kinetics 
as their wild-type parental strain, VZV Luc. Nonessential genes, in general, are significantly 
enriched for other and unknown fu nctional categories (Fig. 9B). 

5.3 Other findings 

Despite major differences between herpesvirus genomes, all the herpesviruses studied 
thus far have a similar number of essential genes, but varying number of nonessential 
genes. For example, our study suggests that the VZV genome encodes 44 essential genes 
and 26 nonessential genes. The herpes simplex virus 1 (HSV-1) genome encodes 37 
essential genes and 48 nonessential genes (Roizman et al., 2007). Similarly, the human 
cytomegalovirus (HCMV), one of the largest human DNA viruses, has a genome that 
encodes 45 essential genes and 118 nonessential genes (Dunn et al, 2003). Furthermore, 26 
of the 44 essential VZV genes have essential homologues in HSV and 18 of the 44 have 
essential gene homologues in HCMV, alludi ng that some essential genes may perform 
core functions for all of these herpesviruses.   
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functions in maintaining the viral life cycle. For example, some ORFs are a part of the 
viral tegument and encode immediate-early proteins with transcriptional regulatory 
activity (Perera et al., 1992; Defechereux et al., 1993; Moriuchi et al., 1994). Other ORFs 
encode phosphoproteins primarily contained in the nuclei of infected cells (Moriuchi et 
al., 1993). It has also been reported that most of the VZV ORFs encoding glycoproteins 
also belong in this group of genes indispensable for viral replication (Mallory et al., 1998; 
Yamagishi et al., 2008). 

Upon further analysis, we found that essent ial VZV genes have significantly different 
enrichment for functional categories than  nonessential genes. As depicted by the 
distribution of functional annotations (Fig. 9A), essential VZV genes are significantly 
enriched for DNA replication and DNA pack aging. These include genes encoding the 
subunits of VZV DNA polymerases, DNA binding proteins, DNA packaging proteins, and 
nucleocapsid proteins. 

5.2 Nonessential VZV ORFs 

As previously mentioned, 26 of the 70 unique VZV ORFs were deemed nonessential for 
VZV replication in MeWo cells (Zhang et al., 2010). Of these, 8 ORFs appeared to 
significantly affect viral growth. In viral growth assays, the peak signals from their 
corresponding plaques were at least 5-fold less than the peak signals from the WT parental 
strain. Furthermore, atypical morphology of virally infected cells, such as reduced plaque 
sizes and altered syncytia formation, were also frequently observed. Studies have shown 
that some of these ORFs affecting optimal growth encode the small and large subunit of 
ribonucleotide reductase (Heineman & Cohen, 1994) and specific phosphoproteins that are 
post-translationally modified by protein kinases (Reddy et al., 1998). 

The plaques corresponding to the remaining 18 nonessential VZV ORF deletions exhibited 
wild-type growth in cultured MeWo cells (Zhang et al., 2010). In vitro growth curve analysis 
for viral replication showed that these ORF de letion mutants have the same growth kinetics 
as their wild-type parental strain, VZV Luc. Nonessential genes, in general, are significantly 
enriched for other and unknown fu nctional categories (Fig. 9B). 

5.3 Other findings 

Despite major differences between herpesvirus genomes, all the herpesviruses studied 
thus far have a similar number of essential genes, but varying number of nonessential 
genes. For example, our study suggests that the VZV genome encodes 44 essential genes 
and 26 nonessential genes. The herpes simplex virus 1 (HSV-1) genome encodes 37 
essential genes and 48 nonessential genes (Roizman et al., 2007). Similarly, the human 
cytomegalovirus (HCMV), one of the largest human DNA viruses, has a genome that 
encodes 45 essential genes and 118 nonessential genes (Dunn et al, 2003). Furthermore, 26 
of the 44 essential VZV genes have essential homologues in HSV and 18 of the 44 have 
essential gene homologues in HCMV, alludi ng that some essential genes may perform 
core functions for all of these herpesviruses.   
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Another observation worth noting is the size of  the essential ORFs as compared to the size 
of the nonessential ORFs. Essential ORFs are significantly larger in size, averaging 1250-bp, 
while nonessential ORFs have an average size of 970-bp. Moreover, the ten largest VZV 
ORFs are all essential, while of the 11 smallest VZV ORFs, eight are nonessential.  

 
Fig. 9. Distribution of functional annotati ons for essential and nonessential genes. (A) 
Distribution of functional annotations for esse ntial genes. Essential genes are significantly 
enriched for DNA replication (B onferroni corrected p-value <10-4) and DNA packing 
(corrected p-value <10-4) functional categories. (B) Distribution of functional annotations for 
nonessential genes. Nonessential genes are significantly enriched for other (corrected p-
value <10-3) and unknown (corrected p-value <0.01) functional categories. Statistical 
significance was determined by a hypergeometric test.  

6. Identification of VZV tissue tropic genes  

Although 26 VZV ORFs are shown to be dispensable for viral replication in cultured MeWo 
cells, it is possible that some of these viral genes may encode proteins critical for optimal 
viral infection in skin tissue. To test this hypothesis, all of the nonessential ORF deletion 
mutants were further tested in human fetal skin organ culture (SOC). SOC is a reliable 
alternative to the SCID-hu mouse model (Taylor & Moffat, 2005), and is especially 
convenient for initial genome-wide scr eening of skin-tropism determinants. 

We found that all VZV deletions which demons trated severe growth defects in cultured 
MeWo cells also exhibited the same growth defects in SOC samples. Interestingly however, 
among the 18 VZV ORFs believed to be completely dispensable for viral replication in 
cultured MeWo cells, four ORFs displayed significant growth defects in SOC  (Fig. 8) 
(Zhang et al., 2010). Because these ORFs are trivial for viral replication in MeWo cells but 
prove crucial for optimal viral replication in skin  tissue, they evoked further investigation as 
potential skin tropism factors. 

Rescue viruses were generated for two of these four ORF deletions to ensure that growth 
defects in skin culture are in fact due to the functions of the deleted genes. As expected, the 
growth curve analyses showed that in MeWo cells, rescue viruses grew indistinguishably 
from wild-type VZV, and in SOC, they were able  to fully recover the growth defects of their 
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corresponding deletion mutants (Zhang et al., 2010). Three of these four ORFs (ORF10, 
ORF14, ORF47) have previously been identified as tissue-tropic factors (Cohen & Seidel, 
1994; Heineman & Cohen, 1995; Moffat et al., 1998). Our findings verified these previous 
studies and additionally identified ORF7 as a novel skin-specific virulence factor. To 
confirm our original finding here, we also  produced a premature stop-codon mutant 
(ORF7S) by mutating the 5th codon from TGT to the TGA stop codon. Like ORF7D, ORF7S 
displayed wild-type growth in MeWo cells, but had a growth defect in SOC, indicating that 
ORF7 may function as a VZV skin-tropic factor. 

7. Ongoing research 

As mentioned previously, after a primary VZV infection, the virus will remain dormant in 
the sensory ganglia of its host. When reactivated, VZV will erupt from the sensory neurons 
and infect surrounding skin tissue, causing ch aracteristic rashes and severe pain due to 
nerve damage. Therefore, identifying the VZV fa ctors responsible for not only skin-tropism, 
but also neurotropism is of great importance.  

7.1 Screening for VZV neurotropic factors 

We proposed that the VZV genome also encodes factors required for efficient invasion and 
egress from specific tissues during natural infection, such as neurotropic factors. Using our 
newly created VZV deletion mutants, we screened each of the 18 dispensable VZV ORFs to 
determine which are implicated with VZV neuronal infection. First, the mutant DNAs were 
confirmed to be replication competent in a pr imary permissive cell line, the human retinal 
epithelial ARPE19 cells (Schmidt-Chanasit et al., 2008). Then, the deletion mutants were 
screened in human neuroblastoma, SH-SY5Y, following a similar transfection approach as 
described earlier for MeWo cells, to establish their essentiality for replication in human neurons. 

Of the mutants tested, only the ORF7 deletion mutant was unable to form viral plaques 
(data not yet published). To confirm this, we also infected differentiated neuroblastoma and 
human embryonic stem cell-derived neurons with wild type and 7D cell-free particles. As 
expected, the WT infection exhibited robust proliferation, while the 7D infection yielded no 
visible plaques. Our finding he re establishes ORF7 as the only known VZV factor required 
for viral spread in human neurons. 

7.2 Future applications 

While the current VZV vaccine is sufficient to prevent chickenpox, many issues still 
surround this live attenuated vaccine. Firstly, bu lk vaccine production using the vOka strain 
is difficult and costly due to vOka virus’ s relatively low yield (Schmid & Jumaan, 2010; 
Gomi et al, 2002). The vaccine is also not entirely effective at eliminating chickenpox 
outbreaks. Despite seroconversion after vaccination, varicella infections still occur in some 
children and adults exposed to wild-type VZ V (Schmid & Jumaan, 2010; Bernstein et al., 
1993, White et al., 1991). Most significantly however, the currently marketed vaccine strain, 
v-Oka, while highly attenuated in the skin, st ill retains its neurovirulence (Hambleton et al., 
2008). This means that the virus will continue to establish latency in the sensory nerve 
ganglia of the immunized host and can potentially  reactivate later to trigger herpes zoster 
and post-herpetic neuralgia. Furthermore, wh ile drug treatments available to date can 
alleviate some symptoms of VZV-elicited dise ases and shorten the disease duration, they 
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cannot clear the virus or prevent establishment of latency (Miwa et al., 2005; Hatchette et al., 
2008). For these reasons, developing a new neuro-attenuated vaccine is imperative to 
prevent future herpes zoster in both elderly people and vaccinated children.  

The use of viral BACs has great potential for novel vaccine development and future 
treatment of viral diseases. Our studies using the VZVLuc BAC uncovered the first, and 
plausibly the only, VZV neurotropic factor, ORF7 . Because the ORF7D strain is incapable of 
infecting both human skin and nervous tissue in vivo, the deletion virus may serve as an 
ideal vaccine candidate for the next generation of chickenpox and shingles vaccines. Aside 
from using the ORF7 deletion virus to produce a safer neuro-attenuated vaccine for the 
prevention of herpes zoster, the same deletion virus may also be utilized as a potential viral 
vector for the production of vaccine s against other pathogens as well. 

Additional research into this BAC-based candidat e is needed to lead us closer to designing 
neuro-attenuated vaccines that do not establish latency in sensory neurons, and thereby 
eliminate the risk of recurrent herpes zoster and its complications. In time, the development 
of safe and effective neuro-attenuated vaccines will decrease the likelihood of herpes zoster 
in the contemporary susceptible population, reduce herpes zoster-associated costs, and 
potentially eradicate VZV and VZV-related diseas es (Lydick et al., 1995; Drolet et al., 2010). 
Essentially, these new vaccines will change the future of VZV altogether. 

8. Conclusions 

The use of a bacterial artificial chromosome system has proven to be an invaluable tool in 
human herpesvirus studies, without which, our genome-wide VZV mutagenesis could not 
have been possible. Not only can BACs clone the large viral genomic DNA, their slow 
replication rate and relative ease and accuracy of producing and reproducing stable viral 
mutants make BACs the ideal method for functional analysis of the VZV genome. 
Furthermore, the addition of a luciferase marker  has greatly improved the efficiency, accuracy 
and reproducibility of our results. Combined , this luciferase BAC approach has truly 
facilitated genetic studies of VZV and provid ed vital insights into the replication and 
pathogenesis of the virus. 

In this study, a global functional analysis  of the entire VZV genome was carried out, 
focusing on the identification of ORFs essential for viral replication in cultured MeWo cells 
and human fetal skin organs. In all, our study has distinguished novel functional 
annotations for 36 VZV genes and shed light on the essentiality of each of the 70 unique 
VZV ORFs. More importantly, our findings have  identified ORF7 as both a skin-tropic and 
neurotropic factor, implicating the ORF7 deleti on virus as an ideal vaccine candidate to 
prevent both VZV-elicited dise ases, chickenpox and shingles. 

As our research progresses, future VZVLuc BAC studies will continue to provide more exciting 
discoveries and help identify new antiviral ta rgets. Soon, effective vaccines and improved 
therapy for the prevention and treatment of a wide array of infections will be tangible. 
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1. Introduction 

1.1 Background and history of bacterial artificial chromosome (BACs) 

BACs were first developed as a large insert cloning system to facilitate the construction of 
DNA libraries to analyze genomic structure (S hizuya, Birren et al. 1992). BACs are derived 
from a fertility plasmid (F-plasmid) found in the Escherichia coli. BACs can clone extremely 
large DNA molecules, ranging from 150-700kb,and averaging 350 kb. Another advantage of 
BACs over other cloning technologies is its stability in cell culture and ease of manipulation. 
Because some recombinant viruses were too large to be generated by traditional techniques, 
BAC technology was developed to carry out genetic and functional studies of viruses, 
especially herpesvirus. (Warden, Tang et al. 2011). From the time when BACs emerged a 
decade ago, their application have grown intensely and have benefited the research 
community in many fields, such as  sequencing of the human genome, in vitro transgenesis, 
genomic fingerprinting, and even  to vaccine development.  

1.2 BACs generation 

BACs can be considered as plasmid expression vectors, amplified in bacteria and composed 
of a small amount of bacterial DNA derived from the single copy F-plasmid (Shizuya, Birren 
et al. 1992). F-plasmid has genes required for prokaryotic replication, partition, and 
selection. Viral BACs are generated by inserting a BAC vector sequence into a viral genome 
(Warden, Tang et al. 2011). Direct deletion mutants and random transposon mutagenesis of 
viral BACs are commonly used to determine the fu nction of viral genes (Warden, Tang et al. 
2011). Mammalian DNA, human genome or mouse genome (100–350 kb) can also be cloned 
as BACs vectors. Currently most regions of the human genome and the genome of other 
species are available as BACs. These vectors are useful tools in human genome-sequencing 
projects (Lander, Linton et al. 2001; Venter, Adams et al. 2001) and transgenic mice studies. 
Using endogenous homologous recombination systems in E. coli (Copeland, Jenkins et al. 
2001), BACs can be modified in many ways by recombination. They can be genetically 
engineered to express reporter genes, or to put a transgene under a specific promoter which 
will be more amenable in gene expression in the mammalian cells. BACs can be modified to 
replace any nucleotide sequence of interest (gene replacement), remove any existing DNA 
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sequence, or introduce new sequences without removing any of the existing sequences 
(gene removal or insertion). In addition BACs ar e also used to place nucleotide substitution 
through selection/counterselection strategy, and to conduct effective gap repair cloning of 
any target site of interest (Adamson, Jackson et al. 2011). 

1.3 Advantages and disadvantages of BACs 

Genes expressed from BACs mirror endogenous gene expression far more accurately than 
other cloning systems. The large size of BACs help to minimize site of integration effects, a 
phenomenon which has been defined as endogenous sequences (such as gene coding 
regions and distal regulatory elements) to be disrupted, and to produce potentially 
undesirable phenotypes (Adamson, Jackson et al. 2011) in gene cloning technology. The 
larger sized BAC constructs contain enhancers and locus control regions, which leads to 
more accurate gene expression in vivo (Townes, Lingrel et al. 1985; Jones, Monks et al. 1995). 
1995). The human genome BACs consist of the full gene structure, including untranslated 
regions, exons and introns, alternative promoters and splic e sites and microRNA coding 
sequences. RNAs such as RNA splicing or microRNAs play very important role in gene 
regulation (Jackson and Standard 2007). Therefore the human genome BACs will ensure full 
mRNA processing and splicing when ge nes are transcribed, and produce the full 
complement of protein isoforms once mRNAs are translated. BACs can be transfected and 
expressed in mammalian cell lines although transfection efficiency and copy numbers are 
low (Magin-Lachmann, Kotzamanis et al . 2004; Sparwasser and Eberl 2007).  

BACs also have a number of disadvantages. A construct containing a large genomic 
fragment is likely to contain non-related genes that may lead to indirect, non-specific gene 
expression and unanticipated changes in the cell phenotype; Secondly, compared to 
plasmids or other gene expression vectors, the generation and screening of recombinant 
BAC constructs can be time-consuming and labor-intensive. Also, the oversized BAC DNA 
constructs are more easily sheared and degraded during manipulation  before transfection; 
and some random recombination events may occur, for example, LoxP sites may lead to 
random Cre-mediated recombination (Sempr ini, Troup et al. 2007). Finally, repeating 
homologous sequences in some BACs constructs may undergo intramolecular 
rearrangements, which reduce the recombination efficiency and increase the rate of false-
positive clones in some selection/coun ter-selection approaches (Narayanan 2008). 

Overall, BACs have numerous advantages when compared to conventional plasmids. They 
protect the gene from site of integration effects and produce accurate regulation of 
transcription and translation. However, the large size results in technical difficulties when 
handling them as well as the potential non- specific gene expression. Therefore the 
application of BACs as a gene expression model system should be careful considered based 
on the pros and cons previously described.  

1.4 Application of BACs: Genomic sequenci ng, genomic imprinting, transgenic mice, 
vaccine development, and gene therapy 

There is increasing interest in the application of BAC technology in genomic research. High 
throughput determination of gains and losses of genetic material using high resolution BAC 
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(gene removal or insertion). In addition BACs ar e also used to place nucleotide substitution 
through selection/counterselection strategy, and to conduct effective gap repair cloning of 
any target site of interest (Adamson, Jackson et al. 2011). 

1.3 Advantages and disadvantages of BACs 
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sequences. RNAs such as RNA splicing or microRNAs play very important role in gene 
regulation (Jackson and Standard 2007). Therefore the human genome BACs will ensure full 
mRNA processing and splicing when ge nes are transcribed, and produce the full 
complement of protein isoforms once mRNAs are translated. BACs can be transfected and 
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random Cre-mediated recombination (Sempr ini, Troup et al. 2007). Finally, repeating 
homologous sequences in some BACs constructs may undergo intramolecular 
rearrangements, which reduce the recombination efficiency and increase the rate of false-
positive clones in some selection/coun ter-selection approaches (Narayanan 2008). 

Overall, BACs have numerous advantages when compared to conventional plasmids. They 
protect the gene from site of integration effects and produce accurate regulation of 
transcription and translation. However, the large size results in technical difficulties when 
handling them as well as the potential non- specific gene expression. Therefore the 
application of BACs as a gene expression model system should be careful considered based 
on the pros and cons previously described.  

1.4 Application of BACs: Genomic sequenci ng, genomic imprinting, transgenic mice, 
vaccine development, and gene therapy 

There is increasing interest in the application of BAC technology in genomic research. High 
throughput determination of gains and losses of genetic material using high resolution BAC 
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arrays and comparative genomic hybridizatio n (CGH) have been developed into the new 
tools for translational research in solid tu mors and neurodegenerative disorders (Cowell 
and Nowak 2003; Cowell 2004; Costa, Meijer et al. 2008; Lu 2009). Among a large number of 
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genomic fragments (150-200 kb) maintained within BACs. Every individual BAC is shotgun 
sequenced. Many short reads are assembled to produce the sequence of the BACs, where 
these large overlapping sequences of the BACs are assembled to produce the who genome 
sequence (Imelfort, Batley et al. 2009). BACs have also been used in mammalian genome 
mapping (Schalkwyk, Francis et al. 1995), genomic imprinting (Tunster, Van De Pette et al. 
2011), vaccine development and gene therapy (Magin-Lachmann, Kotzamanis et al. 2004; 
Warden, Tang et al. 2011). Studies of the evolutionary history and functional dynamics of 
sex chromosomes have recently been possible using BAC libraries (Janes, Valenzuela et al. 
2011). In this chapter we will review some applications of BACs in viral and non-viral gene 
functional studies. 

2. Viral gene functional studies 

2.1 Many human and animal herpesviruses genomes have been cloned as BACs  

Human herpesviruses are the second leading cause of human viral disease. Therefore the 
utilization of human herpesvirus BACs to study viral gene func tion (Warden, Tang et al. 
2011) has become more and more common. The herpesviruses are a family of DNA viruses 
which contain large and complex genomes. Genetic control and management of 
recombinant viruses have been notoriously difficult. The development of herpesvirus BACs 
have facilitated generation of recombinant vi ruses and subsequent studies of the biology 
and pathogenesis of herpesviruses (Knipe, Batterson et al. 1981; Zhou and Roizman 2005). 
Table 1 shows the human herpesviruses which have been cloned as BACs, including Herpes 
simples virus type 1 [(HSV-1 or human herpesvi rus (HHV-1)], varicella-zoster virus (VZV or 
HHV-3), human cytomegalovirus (HCMV or HHV-5), Kaposi’s sarcoma-associated 
herpesvirus (KSHV or HHV-8) (Feederle, Bartlett et al. 2010; Warden, Tang et al. 2011). In 
general, BAC clones are relatively easy to make for alpha- and beta herpes viruses than 
gamma herpes viruses. This is due to the fact that DNA can only persistently stay in 
bacterial cells when it has a prokaryotic replicon. When a BACs flanked by specific 
Herpesvirus genomic sequences were introduced into infected cells to trigger homologous 
recombination. The great efficiency was achieved in alpha- and beta herpes viruses because 
lytic cellular systems are available, but was difficult for gamma herpesviruses (Delecluse, 
Hilsendegen et al. 1998; Delecluse, Kost et al. 2001; Zhou, Zhang et al. 2002; Kanda, Yajima 
et al. 2004; Chen, Li et al. 2007). In addition to BAC-based human herpesvirus studies, BAC-
based other animal herpesviruses are also currently available. These include murine 
cytomegalovirus 68 (MHV-68), murine gammaherpesvirus (mCMV), rhesus 
cytomegalovirus (rhCMV), rhesus rhadinov irus (RRV), pseudorabies virus (PrV), 
herpesvirus saimiri (HVS), Marek’s disease virus (MDV), bovine herpesvirus type 1 (BHV-
1), equine herpesvirus type 1 (EHV-1), feline herpesvirus (FHV-1), guinea pig 
cytomegalovirus (GPCMV), Koi herpesviru s (KHV) and turkery herpesvirus (HVT) 
(Feederle, Bartlett et al. 2010; Warden, Tang et al. 2011). 
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type synonym subfamily biological function and application reference 

HHV-1 

Herpes 
simplex 
virus-1 
(HSV-1) 

�Â (Alpha) 

Generates a replication-proficient but 
packaging-deficient HSV-1 genome 
(152-kb HSV-1) for genetic 
manipulation as research tools or 
vectors in gene therapy. 

(Saeki, 
Ichikawa  
et al. 1998; 
Stavropoulos 
and Strathdee 
1998; 
Horsburgh, 
Hubinette  
et al. 1999) 

HHV-2 

Herpes 
simplex 
virus-2 
(HSV-2) 

�Â 

Generates a recombinant HSV-2 BAC 
with the deletion of the HSV-2 
glycoprotein D (gD), elicites an HSV-2 
specific antibody response, serves as the 
basis for novel HSV-2 vaccine 
production. 

(Meseda, 
Schmeisser  
et al. 2004) 

HHV-3 
Varicella zoster virus 
(VZV) 

�Â 

Human embryonic lung cells 
transfected with VZV BAC DNA show 
cytopathic effect, and viruses can 
spread to neighboring cells. 

(Nagaike, Mori 
et al. 2004) 

Luciferase VZV BAC generates 
recombinant VZV variants, eases 
subsequent viral growth kinetic 
analysis both in vitro MeWo cells and 
SCID-hu mice in vivo. 

(Zhang, Rowe  
et al. 2007) 

The mini-F transposition technique 
optimizes, repairs or restructures BACs, 
facilitates the development of gene 
therapy or vaccine vectors.  

(Wussow, 
Fickenscher  
et al. 2009) 

HHV-4 
Epstein-Barr 
virus (EBV), lymphoc
ryptovirus (LCV) 

�Ä (Gamma)

Genetic analysis of all EBV functions, 
generation of attenuated EBV strains for 
vaccine design, development of viral 
vectors for human gene therapy. 

(Delecluse, 
Hilsendegen  
et al. 1998; 
Kanda, Yajima 
et al. 2004) 

Generates a self-recombining BAC 
containing 172-kb of the EBV genome; 
provides proof that EBNA-3B is not 
essential for EBV-mediated B-cell 
growth transformation in vitro. 

(Chen, 
Divisconte  
et al. 2005) 
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type synonym subfamily biological function and application reference 

HHV-5 
Cytomegalovirus 
(HCMV) 

�Ã (Beta) 

A new approach for construction of 
HCMV mutants. 

(Borst, Hahn  
et al. 1999) 

IE-2 (UL122) is required for successful 
HCMV infection and indicates that 
virus lacking IE-2 arrests early in the 
replication cycle. 

(Marchini, Liu  
et al. 2001) 

UL45 is dispensable for growth of 
HCMV in human fibroblasts and 
human endothelial cells 

(Hahn, Khan  
et al. 2002) 

A total of 252 ORFs with the potential 
to encode proteins have been identified 
in two laboratory strains (AD169 and 
Towne) and four clinical isolates 
Toledo, FIX, PH, and TR 

(Murphy, Yu  
et al. 2003) 

HCMV strain TB40/E is available as a 
BAC clone suitable for genetic 
engineering. 

(Sinzger, Hahn 
et al. 2008) 

Develops a “gene capture” method to 
rescue a large deletion mutant (15kb) of 
HCMV. 

(Dulal, Zhang  
et al. 2009) 

HHV-6 

Roseolovirus, 
Herpes 

lymphotropic 
virus 

�Ã 

Develops a single-step production of 
viral BACs by introducing the 160-kb 
human herpes virus 6A genome into 
BACs by digesting the viral DNA 
replicative intermediates with the Sfil 
enzyme that cleaves the viral genome in 
a single site 

(Borenstein 
and Frenkel 
2009) 

HHV-7 Roseolovirus �Ã  Not available 

HHV-8 KSHV �Ä 

BAC KSHV can be efficiently shuttled 
between bacteria and mammalian cells, 
such as BCBL-1, 293, HeLa and E6E7-
immortalized human endothelial cells. 

(Delecluse, 
Kost et al. 
2001; Zhou, 
Zhang  
et al. 2002;  
Liu 2010) 

 

Table 1. List of available BACs for human HSV 
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2.2 vGPCR-mediated angiogenesis through activation of p38 and STAT3 in KSHV 
infected cells using KSHV BACs  

The molecular mechanism whereby viral G pr otein-coupled receptor (vGPCR) signaling 
regulates vascular endothelial growth factor (VEGF) expression in Kaposi sarcoma (KS) 
formation remains somewhat unde fined. mECK36 cells, generated by transfection of mice 
bone marrow endothelial cells with KSHV bacter ial artificial chromosome (KSHVBac36), have 
been reported to be angiogenic, tumorigenic, and suitable for demonstrating a nonredundant 
role for vGPCR in KSHV-mediated tumorigenesis (M utlu, Cavallin et al. 2007). In our previous 
report (Liu 2010), we utilized mECK36, the cells composed of wild-type KSHVBac36 or the 
cells without vGPCR, namely vGPCR-null KSHVBac36 mutant, to dissect the molecular 
mechanisms of VEGF secretion induced by vGPCR in the context of KSHV infection. The mice 
bone marrow endothelial cells (mEC) were obtained from Balb/C An Ncr-nu mice (NCI, 
Bethesda, MD) bone marrow. Mice femurs were flushed twice with phosphate-buffered saline 
(PBS), and the elutes were incubated in Dulbecco’s modified Eagle’s medium (DMEM) media 
plus 30% fetal borine serum (FBS) (Gemini Bioproducts, Calabasas, CA), endothelial growth 
factor (EGF) 0.2 mg/mL (Sigma, St. Louis, MO), endothelial cell growth  factor supplement 
(ECGS) 0.2 mg/mL (Sigma), heparin 1.2 mg/L  (Sigma), insulin transferrine selenium 
(Invitrogen, Carlsbad, CA), penicilin-streptomicin 1% (I nvitrogen), and BME vitamin (VWR 
Scientific, Rochester, NY). KSHVBac36 was constructed by inserting a full-length recombinant 
KSHV genome into a bacterial artificial ch romosome, KSHVBac36 was transfected into mEC 
cells to generate mECK36 cells using lipofectamine 2000 (Invitrogen) and selected with 
hygromycin-B. The cells were then grown in the absence of hygromycin to negatively select 
cells and therefore generate mECK36-KSHV-Null cells, which lost the KSHV episome (KSHV 
episome was measured by GFP marker). Next, KSHVBac36 construct was retransfected into 
mECK36-KSHV-Null cells to generate BBac36. Finally, the genotypic markers of vGPCR were 
knocked out from KSHVBac36 by transposon mutagenesis to generate ORF74/vGPCR 
deletion mutant and stably transfected into mECK36-KSHV-Null cells to create B�¦ vGPCR cells 
in the presence of hygromycin selection. We found (Liu 2010) that vGPCR activates VEGF 
transcription via p38 MAPK and STAT3 in mECK36 and mECK36-derived cell models. In 
addition, we also found that in cells containing KSHV genome, STAT3 is tyrosine-
phosphorylated and translocated into the nucleu s, transactivating the target VEGF gene by 
binding to the specific DNA element TT (N4–5) AA in a vGPCR-dependent manner. 
Moreover, treatment of mECK36-derived cells with AG490 or a dominant negative STAT3 
DNA vector showed strong inhibitory effects on vGPCR-induced VEGF promoter activity. In 
addition, vGPCR can up-regulate STAT3 mRNA levels. Together, our findings show that 
vGPCR plays a nonredundant role in STAT3 activation in KSHV infected cells, and this 
activation plays an important role in the conn ection of the viral oncogene vGPCR and VEGF 
up-regulation. Our results indicate that vGPCR ha s a broad signaling activating capacity in the 
context of KSHV infection and suggest that the STAT3 pathway could be a good target for 
preventing KSHV-mediated angiogenesis in KS.  

2.3 Genetic determinants of virus tropism genes using BACs 

Many cell types, including endothelial cells (E Cs), myeloid lineage cells, and smooth muscle 
cells are permissive cells for HCMV persistent replication and latency (Jarvis and Nelson 2007). 
During acute infection of CMV in immune-comprom ised patients, a number of cell types, such 
as ECs, various leukocytes, epithelial cells, hepatocytes, smooth muscle cells, and fibroblasts, 
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can be infected because of uncontrolled replication of viruses (Howell, Miller et al. 1979; 
Myerson, Hackman et al. 1984; Gnann, Ahlmen et al. 1988; Wiley and Nelson 1988; Dankner, 
McCutchan et al. 1990; Sinzger, Grefte et al. 1995; Read, Zhang et al. 1999; Bissinger, Sinzger et 
al. 2002). ECs appear to play a critical role in the process of HCMV persistent active infection 
and maintenance within the host, which is controlled by genetic determinants. Previous 
studies observed that HCMV strains differed in th eir ability to infect ECs, which are called EC 
tropism (MacCormac and Grundy 1999; Sinzger, Schmidt et al. 1999; Kahl, Siegel-Axel et al. 
2000). The research on EC tropism has been strengthened by the availability of genetically 
stable CMV BACs and subsequent mutagenesis of these BACs (Brune, Menard et al. 2001; 
Scrivano, Sinzger et al. 2011). The switch of cell tropism in different cell types after alternate 
replication might direct infection from one cell type to the other. 

The typical model for tropism is the difference in  cell tropism of virus released from EC and 
fibroblasts. Supernatants from infected human foreskin fibroblasts (HFF) showed a higher 
ability to infect EC than EC-deriv ed supernatants (Scrivano, Sinzger et al. 2011). Scrivano et al 
(Scrivano, Sinzger et al. 2011) using mutagenesis of the BAC-cloned HCMV strain TB40/E 
(TB40-BAC4) found that ECs release a virus progeny of unEC-tropic (not EC-tropic), and retain 
a progeny of highly EC-tropic; while HFF release both EC-tropic and non EC-tropic virus 
progeny, HFF progeny is composed of both EC-tropic and non EC-tropic virus populations. 
The biochemical basis for this phenomenon is due to a different level of 
gH/gL/pUL(128,130,131A) complex in virions (Scrivano, Sinzger et al. 2011). The CMV EC 
tropism has been characterized by a “genomic tropism island” composed of three open 
reading frames (ORFs): UL128, UL130, and UL131A. The region of these genes is important for 
EC tropism (Hahn, Revello et al. 2004; Scrivano, Sinzger et al. 2011). EC-tropic population most 
likely is a population with a high gH/gL/ pUL(128,130,131A) content. UL128, UL130, and 
UL131A are required for replication of HCMV in HUVECs (Hahn, Revello et al. 2004). EC 
tropism for HCMV is highly dependent on the roles of pUL128, pUL130, and pUL131A 
(Jarvis and Nelson 2007) in virions. EC-tropism produced by an EC-tropic progeny released 
by HFF, can be depleted with antibodies di rected against pUL131A. They propose that the 
difference in cell tropism of virus released from  EC and fibroblasts is caused by a sorting 
process. EC strongly and specifically retain EC-tropic viruses through the 
gH/gL/pUL(128,130,131A) complex. Thus, th e levels of gH/gL/pUL(128,130,131A) 
complexes could define whether a particle is EC-tropic or not. A disulfide-linked complex 
between gH/gL glycoproteins is required for viral entry and fusion. The gH/gL exists in 
two distinct forms, one composed of pU L128, pUL130, and pUL131A. The pUL128 and 
pUL130 proteins are linked with gH/gL; pUL131A  is required for infection of ECs. The 
second distinct form is composed of gO alone; the gO protein is linked with gH/gL and is 
required for replication in fibroblasts.  The gH/gL/pUL128/pUL130/pUL131A unit in 
virions is mandatory for access into ECs which are pH-dependent. Whereas the gH/gL/gO 
unit in virions are mandatory for access into  fibroblasts which are also pH-independent 
(Jarvis and Nelson 2007). Recently, results from Wang et al showed (Wang, Yu et al. 2007) 
that HCMV progenies derived fr om epithelial cells and fibroblasts are also different. It 
seems the propensity of cells to release viruses plays a crucial role in the establishment of 
infection and transfer of viruses to new hosts or the fetus.  

In addition to HCMV, EBV also works as a cell type-tropic virus. Hutt-Fletcher et al (Hutt-
Fletcher 2007) has established the paradigm that epithelial cells produce a EBV virus 
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progeny with high levels of gH/gL/gp42 complexes, facilitating B-cell infection. B-cells in 
turn, generate virus progeny with low levels of gH/gL/gp42 complexes which efficiently 
infect epithelial cells, but not B cells. To some extent, this relative switch of cell tropism after 
alternate replication in epithelial and B-cells dire cts infection from one cell type to the other. 

2.4 Study of the immune response against the EBV using EBV BACs  

There are three recombinant wild-type EBVs that have been generated so far (Delecluse, 
Hilsendegen et al. 1998; Kanda, Yajima et al. 2004; Chen, Divisconte et al. 2005). They were 
generated by the insertion of the prokaryotic F- plasmid (F-factor) in two B95.8 or one Akata 
strains. Although the insertion sites differ in these three EBV BACs, at the site of the B95.8 
deletion (Delecluse, Hilsendegen et al. 1998), or at the major internal repeat region of the 
B95.5 strain (Chen, Divisconte et al. 2005), or at BXLF1 open reading frame (ORF) in Akata 
strain (Kanda, Yajima et al. 2004), the insertion site of the F-plasmid does not affect the 
phenotype of the virus. 

2.4.1 EBV infection 

EBV is tightly related to the development of  many human cancers. Chen et al (Chen, 
Divisconte et al. 2005) has developed a BAC-GFP-EBV (containing 172-kb of the EBV 
genome) system to monitor early cellular and viral events associated with EBV infection. 
BAC-GFP-EBV was transfected into the HEK 293T epithelial cell line (Halder, Murakami et 
al. 2009). Then the progeny virus produced by a chemical was used to immortalize human 
primary B-cell which can be easily monitored by green fluorescence and proliferation. The 
results showed a dramatic increase in Ki-67, CD40, and CD23 signals. The viral genes 
express a pattern of an early burst of lytic gene expression. This up-regulation of lytic gene 
expression prior to latent genes during early infection strongly suggests that the resulting 
progeny virus is capable of infecting new prim ary B-cells (Halder, Murakami et al. 2009). 
This process may be critical for establishment of latency prior to cellular transformation 
(Halder, Murakami et al. 2009).  

2.4.2 EBV transformation  

EBV is associated with a number of human malignancies. There is increasing research 
interest in the molecular functions of these EBV gene products in transformation and 
evasion from host immune surveillance systems (Izumi 2001). BAC technology made the 
study on the molecular function of EBV transforming genes feasible because some latent 
genes such as EBNA1 cannot be maintained in latently infected B cells using traditional 
cosmid technology (Izumi 2001; Feederle, Bartlett et al. 2010). EBNA1 was found to function 
as a transactivator of other latent proteins, and was required for replication of the viral 
genome (Altmann, Pich et al. 2006). When 71kb of EBV DNA genome was amplified in E.coli 
and transfected into primary B-lymphocyes, Altmann et al (Altmann, Pich et al. 2006) 
identified that EBV DNA is sufficient to immortalize primary human B lymphocytes. 
Kempkes et al (Kempkes, Pich et al. 1995; Izumi 2001) also identified EBNA3a as a 
transforming gene, which contributes primarily  to the initiation of cell proliferation 
(Kempkes, Pich et al. 1995; Izumi 2001). Two genes BALF1 and BHRF1 which encode 
homologous cellular antiapoptotic viral Bcl-2 proteins (vBcl-2), were suggested to interfere 
with the cell apoptosis program to counteract  cell death, which protects the virus from 
apoptosis in its host cell during viru s synthesis (Altmann and Hammerschmidt 2005). 
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Divisconte et al. 2005) has developed a BAC-GFP-EBV (containing 172-kb of the EBV 
genome) system to monitor early cellular and viral events associated with EBV infection. 
BAC-GFP-EBV was transfected into the HEK 293T epithelial cell line (Halder, Murakami et 
al. 2009). Then the progeny virus produced by a chemical was used to immortalize human 
primary B-cell which can be easily monitored by green fluorescence and proliferation. The 
results showed a dramatic increase in Ki-67, CD40, and CD23 signals. The viral genes 
express a pattern of an early burst of lytic gene expression. This up-regulation of lytic gene 
expression prior to latent genes during early infection strongly suggests that the resulting 
progeny virus is capable of infecting new prim ary B-cells (Halder, Murakami et al. 2009). 
This process may be critical for establishment of latency prior to cellular transformation 
(Halder, Murakami et al. 2009).  

2.4.2 EBV transformation  

EBV is associated with a number of human malignancies. There is increasing research 
interest in the molecular functions of these EBV gene products in transformation and 
evasion from host immune surveillance systems (Izumi 2001). BAC technology made the 
study on the molecular function of EBV transforming genes feasible because some latent 
genes such as EBNA1 cannot be maintained in latently infected B cells using traditional 
cosmid technology (Izumi 2001; Feederle, Bartlett et al. 2010). EBNA1 was found to function 
as a transactivator of other latent proteins, and was required for replication of the viral 
genome (Altmann, Pich et al. 2006). When 71kb of EBV DNA genome was amplified in E.coli 
and transfected into primary B-lymphocyes, Altmann et al (Altmann, Pich et al. 2006) 
identified that EBV DNA is sufficient to immortalize primary human B lymphocytes. 
Kempkes et al (Kempkes, Pich et al. 1995; Izumi 2001) also identified EBNA3a as a 
transforming gene, which contributes primarily  to the initiation of cell proliferation 
(Kempkes, Pich et al. 1995; Izumi 2001). Two genes BALF1 and BHRF1 which encode 
homologous cellular antiapoptotic viral Bcl-2 proteins (vBcl-2), were suggested to interfere 
with the cell apoptosis program to counteract  cell death, which protects the virus from 
apoptosis in its host cell during viru s synthesis (Altmann and Hammerschmidt 2005). 
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2.4.3 Immune evasion 

Several viral proteins have been found to block immune recognition of viral proteins as 
antigens during lytic replication, such as BGLF5, BZLF2, BILF1 and BNLF2a (Ressing, van 
Leeuwen et al. 2005; Rowe, Glaunsinger et al. 2007; Zuo, Thomas et al. 2008; Croft, 
Shannon-Lowe et al. 2009; Zuo, Currin et al. 2009; Zuo, Quinn et al. 2011). The direct 
contribution of BNFL2a in immune evasion was evidenced using an EBV BAC which 
initially disrupted the BNLF2a gene of the B95.8 strain by insertional mutagenesis (Croft, 
Shannon-Lowe et al. 2009). BNLF2 inhibits transporter associated with antigen (TAP). It 
encodes a 60 amino acid protein which prevents both peptide- and ATP-binding to TAP 
complex (Hislop, Ressing et al. 2007). Consequently, when co-expressed with target-
antigens, cells expressing BNLF2a show decreased levels of surface human leukocyte 
antigen (HLA)-class I and are resistant to CD8+ cytotoxic T cell killing (Hislop, Ressing et 
al. 2007). Croft et al (Croft, Shannon-Lowe et al. 2009) created a targeting plasmid with 
BNLF2a gene which was replaced by tetracycline resistant cassette. This plasmid was then 
flanked by FLP recombinase target (FRT) sites. This vector was homologously recombined 
with the EBV BAC, and designated as �¨DBNLF2a, which had the tetracycline gene 
removed by FLP recombinase. �¨DBNLF2a BACs were then stably transduced into 293 
cells, virus replication induced by transfection of a plasmid encoding the EBV lytic switch 
protein BZLF1 (Feederle, Kost et al. 2000). Compared to wild-type EBV BAC, this 
recombinant virus induces a strong MHC I T cell response against viral lytic genes than 
the wild type viruses (Feederle, Bartlett et al. 2010). Overall, these results indicate that 
BNLF2 prevents the immediate early and early proteins from being efficiently processed 
and presented to CD8 + T cells during lytic cycle replication. Contrary to BNLF2a in early 
evasion mechanism in the lytic cycle of EBV, other mechanism seems to operate later 
during immune evasion (Croft, Shannon-Lowe et  al. 2009). Such stage-specific expression 
of immune evasion genes are a feature of several herpesviruses, such as CMV (Croft, 
Shannon-Lowe et al. 2009). Taken together, BNLF2a acts in concert with other immune-
evasion genes encoded by EBV T-cell surveillance (Croft, Shannon-Lowe et al. 2009). 

3. Non-viral gene functional studies 

3.1 Translational research by the analysis of entire cancer genomes using BAC arrays 

The development of high-resolution microarray-based comparative genomic hybridization 
(aCGH) using cDNA of BACs makes it possible for translational research to analyze the 
entire cancer genome in a single experiment. Well-designed aCGH studies will increase our 
understanding of the genetic basis of cancer, help to identify novel predictive and 
prognostic biomarkers for cancer, and molecular therapeutic targets in cancer. Compared to 
oligonucleotide arrays, BAC arrays have some specific features. BACs have been widely 
used in aCGH studies (Pinkel and Albertson 2005; Lockwood, Chari et al. 2006; Ylstra, van 
den Ijssel et al. 2006). The vast majority of array CGH data available today has been 
generated using BAC CGH arrays. BACs probes vary in length from 150 to 200 kb (Pinkel 
and Albertson 2005). The probe of genome-wide BAC arrays range from 2,400 to 32, 000 
unique elements in tiling path array, where each BAC overlaps with its contiguous BACs. 
The resolution (the distance between each DNA target represented on the array) of each 
BAC array is defined by the number of unique probes it contains (Tan, Lambros et al. 2007). 
BAC tiling path arrays provide a resolution of up to 50 kb (Tan, Lambros et al. 2007). The 
development of a whole-genome BAC tiling pa th approach has improved resolution of  CGH 
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by using overlapping clones (Ishkanian, Malloff et al. 2004; Lockwood, Chari et al. 2006). 
These platforms provide sufficiently strong signals to detect single-copy change, and are 
able to accurately define the boundaries of genomic aberrations, which can possibly be 
utilized in archival formalin-fixed, paraffin-embedded (FFPE) tissue (Johnson, Hamoudi et 
al. 2006; Little, Vuononvirta et al. 2006).  

High amounts of high-quality BAC DNA are needed to obtain good array performance 
(Ylstra, van den Ijssel et al. 2006). BACs DNA yield is generally low when isolated from 
E. coli (Pinkel and Albertson 2005). Because of the low yields of DNA from isolated BAC 
clones, DNA amplification is required to generate sufficient quantities of adequately 
pure BAC DNA for the assay. Therefore a tili ng path array is costly and highly labor 
intensive. In addition, as BAC probes are representative of the human genome, they also 
contain repetitive sequences, which can result in nonspecific hybridization (Tan, 
Lambros et al. 2007).  

3.2 Measurement of neuroblastoma DNA copy number aberrations (CNAs) 

BAC technique has increasing been applied in detecting structural changes in chromosomes, 
such as copy number aberrations (CANs) and rearrangement. Mosse et al (Mosse, Greshock et 
al. 2005) generated 4135 BAC clones spanning the human genome at about 1.0 Mb resolution 
as targets for array-based comparative genomic hybridization (aCGH) experiments (Greshock, 
Naylor et al. 2004). They measured the relevance of neuroblastoma DNA copy number 
changes (CNAs) in forty-two human neuroblastom a cell lines. They found that all cell lines 
exhibited CNAs ranging from 2% to 41% of the genome. Chromosome 17 showed the highest 
frequency of CANs. The most frequent region of  gain with high-level amplification localized 
to 2p24.22-2p24.3 detected in 81% of cell lines (Mosse, Greshock et al. 2005). Potential 
oncogenes such as MYCN, NAG and DDX1 were located in these regions. The less frequent 
region of gain localized to 17q23.2, 17q23.3-17q24.1, 17q24.1-17q24.2, 17q25.2-17q25.3 was 
detected in about 70% of the cell lines. Potential oncogene BIRC5 was localized in these 
regions. Although gain of 17q material was common, this low level gain of chromosomal 
material was rather complicated (Mosse, Greshock et al. 2005). The most frequent hemizygous 
deletion localized to a 4.0 Mb region at 1p36.23-36.32, was detected in 60% of the cell lines. 
Potential tumor suppressor genes TP73, CHD5, RPL22 and HKR3 were also localized. A 10.4 
Mb region at 11q23.3-11q25 was detected in 36% of the cell lines, and the potential tumor 
suppressor gene CHEK1 was found there as well (Mosse, Greshock et al. 2005). Overall, the 
array CGH could be reliable in examining DNA copy number aberrations including single 
copy gain or loss. Compared to the data with standard techniques, data from array CGH 
correlates well with known aber rations detected by standard techniques. Therefore, array 
CGH can be applied to identify novel regions of genomic imbalance.  

3.3 Fluorescence in situ hybridization (FISH) analysis of pathological archives with 
BACs 

It is now known that there are extensive somatic changes, including multiple point 
mutations (Wood, Parsons et al. 2007; Velculescu 2008), copy number alterations (Weir, Woo 
et al. 2007; Kubo, Kuroda et al. 2009), and further complex rearrangements (Campbell, 
Stephens et al. 2008) tumors. But when and where these genetic changes occur during 
human cancer development remains unclear. Human archival tissue blocks contain 
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specimens of human tumors in various stages of development, which are precious in the 
post-human-genome-sequencing era. Based on their findings and other’s work, Sugimura et 
al (Sugimura, Mori et al. 2010) stated that the intensive application BAC clones as probes for 
FISH that have exact ‘addresses’ in the whole genome will become a useful diagnostic tools 
for pathologists. Thousands of BAC clones are commercially available, and any of them can 
be used as FISH probes. Sugimura et al tested 100 BAC probes containing different kinase 
loci in a gastric, colorectal, and lung cancer detection sets (20 cases for each organ) by using 
tissue microarray (TMA)-FISH technology (Sugim ura, Mori et al. 2010). Sugimura et al 
found that unexpected kinase loci were amplified in a significant proportion of human 
common solid tumors (Sugimura, Mori et al . 2010). Combinatory chemistry has generated 
many drugs by targeting kinase genes or their products. Thus, amplification of specific 
regions on certain kinase genes are amenable to pharmacological intervention which could 
result in the target specific therapy. Therefore it is reasonable to believe that the FISH-BACs 
diagnostic system combined with particular ki nase probes may provide the practical basis of 
individual cancer therapy. 

3.4 Interferon-��  locus regulation with BACs 

To investigate the regulatory properties of conserved non-coding sequence (CNS) element 
of interferon-�Ä (Ifng) gene in vivo, Hatton et al (Hatton, Harrington et al. 2006) developed a 
BAC-based transgenic reporter system to express Ifng gene expression. They introduced a 
Thy1.1 reporter into exon 1 of Ifng and pl aced this reporter into a BAC containing 
approximately 60 kb upstream of exon 1 of ifng and approximately 100 kb downstream of 
exon 4 of ifng sequences. The CNS-22 region of BAC was then flanked with loxP sites 
(Hatton, Harrington et al. 2006; Wilson and Schoenborn 2006). Because activation of the 
large BAC transgenic allele unlikely perturbs endogenous alleles (Valjent, Bertran-Gonzalez 
et al. 2009), potential confounding effects of altered IFNg production were possibly 
eliminated (Hatton, Harrington et al. 2006). Hatton et al chose Thy1.1 (CD90.1) as a reporter 
because of its low immunogenicity and easy detection in the context of CD90.2 allotype of 
the C57BL/6 background. The recombined BACs (Ifng-Thy1.1 BAC) containing the Thy1.1 
reporter and floxed CNS-22 were microinjected into fertilized C57BL/6 oocytes (Hatton, 
Harrington et al. 2006; Wilson and Schoenborn 2006). As a result, the Ifng-Thy1.1 BAC-in 
transgene completely mirrored endogenous Ifng gene expression; and conditional deletion 
of the CNS-22 element from the single copy transgene by Cre recombinase resulted in 
almost complete loss of Thy1.1 expression in Th1 cells, CD8+ T cells, and NK cells 
irrespective of activation through the T cell receptor (TCR)-dependent or TCR-independent 
pathways. Thus, CNS-22 is considered to be critically involved in Ifng gene expression, 
irrespective of adaptive or innate immune cell lineage (Hatton, Harrington et al. 2006; 
Wilson and Schoenborn 2006). CNS-22 functions as an enhancer both in vitro and in vivo, 
which will shed new light on ifng regulation and open up avenues for future investigation. 

3.5 Studies of Kras-mediated pancreatic tumorigenesis with BACs 

Activation of Kras gene by mutation plays a critical role in human pancreatic cancer 
(Almoguera, Shibata et al. 1988; Shibata, Almoguera et al. 1990). Although the known 
capability of oncogenic Kras to function as a key initiator of pancreatic malignancy, the 
mechanism(s) of Kras-caused initiating events are still unclear. This is an important reason 
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why prognosis for patients with malignant panc reatic tumors have not entirely improved 
over the past twenty years (Jemal, Siegel et al. 2006). Moore et al have discovered that the 
zebrafish develop pancreatic cancer after exposure to chemical mutagens (Moore, Rush et al. 
2006). The studies have also shown that mammalian and zebrafish pancreas are significantly 
similar in anatomy and histology (Wallace an d Pack 2003; Chen, Li et al. 2007). Therefore, 
the Zebrafish has emerged as an experimental model for study of human pancreatic cancer 
biology (Davison, Woo Park et al. 2008; Park, Davison et al. 2008). Another benefits of 
working with zebrafish model is their tr anslucency, which greatly improves the 
visualization of fluorescent trangenes in both embryos and adult zebrafish (Davison, Woo 
Park et al. 2008). Park et al (Park, Davison et al. 2008) discovered that oncogenic Kras causes 
pancreatic cell expansion and malignant transformation in the zebrafish exocrine pancreas 
by utilizing eGFP-Kras BAC transgenes (160kb) under the regulation of Ptf1a regulatory 
elements. Ptf1a induces differentiation, growth and proliferatio n of pancreatic progenitor 
cells (Park, Davison et al. 2008). Briefly, they expressed either extended green fluorescent 
protein (eGFP) alone or eGFP fused to oncogenic Kras in developing zebrafish pancreas and 
continuously detected the expression of fluorescent transgenes transcutaneously during all 
stages of development including the adult zebr afish. They first generated polymerase chain 
reaction (PCR) products encoding the eGFP and eGFP-Kras transgenes flanked by sequences 
homologous to the CH211-142 BAC that spans the Pfta1 gene locus. Homologous 
recombination leads to accurate replacement of the Ptf1a coding sequences with the eGFP 
and eGFP-Kras transgene (Davison, Woo Park et al. 2008). Their results demonstrate that 
oncogenic Kras-expressed pancreatic progenitor cells fail to undergo ch aracteristic exocrine 
differentiation although their initial specification and migration are observed to be normal 
(Davison, Woo Park et al. 2008; Park, Davison et al. 2008). Blocks of differentiation leads to 
abnormal accumulation of the undifferentiated progenitor cells, correlates with the 
formation of invasive pancreatic cancer. Besides similarity in anatomy and histology, 
Zebrafish pancreatic tumors share several activated signaling pathways with the human 
pancreatic tumors, including activation of ERK and AKTby phosphorylation, as well as 
abnormal Hedgehog pathway activation which was justified by the up-regulation of ptc1 
mRNA and gli1 mRNA (Park, Davison et al. 2008). These findings provide a unique view of 
the tumor-initiating effects of oncogenic Kras in a living vertebrate organism, but more 
important it suggest that BACs transgene targeting other oncogenes or tumor suppressor 
genes in zebrafish pancreatic cancer may improve our understanding of the human disease. 

3.6 Studies on striatal signaling pathways in  central nervous system (CNS) with BACs 

To understand the role of molecular signaling pathways involved in behavioral responses, it 
is necessary to delineate the molecular events that take place in neurons. This task has been 
hampered by the complexity of neuronal syst em. There are hundreds of distinct neuronal 
populations and these populations are very difficult to distinguish (Valjent, Bertran-
Gonzalez et al. 2009). The development of BAC transgenic mice expressing various 
reporters, epitope tagged-proteins or Cre recombinase driven by specific promoters, greatly 
facilitates the research in this field. Generally speaking, transgene expression is influenced 
by copy numbers and site of insertions (positional effects). Large BAC transgenes (BACs 
contain large fragments 150-200kb of mouse genome) have usually a low copy number, are 
less likely influenced by positional effects, and are able to recapitulate the regulation of 
endogenous genes much better than shorter transgenes (Yang, Model et al. 1997). Over the 
past few years, the use of BAC EGFP transgenic mice have generated significant 
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