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Abstract: The narrow-leafed lupin possesses valuable traits for environment-
friendly agriculture and for the production of unconventional agricultural 
products. Despite various genetic and environmental studies, the breeding of 
improved cultivars has been slow due to the limited knowledge of its genomic 
structure. Further advances in genomics require, among other things, the 
availability of a genomic DNA library with large inserts. We report here on the 
construction of the first DNA library cloned in a BAC (bacterial artificial 
chromosome) vector from diploid Lupinus angustifolius L. cv. Sonet. The high 
molecular weight DNA used for its preparation was isolated from interphase 
nuclei that were purified by flow cytometry. The library comprises 55,296 
clones and is ordered in 144×384-well microtitre plates. With an average insert 
size of 100 kb, the library represents six haploid genome equivalents. Thanks to 
the purification of the nuclei by flow cytometry, contamination with chloroplast 
DNA and mitochondrial DNA was negligible. The availability of a BAC library 
opens avenues for the development of a physical contig map and positional gene 
cloning, as well as for the analysis of the plant’s genome structure and evolution. 
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INTRODUCTION 
 
The genus Lupinus Tourn. (Fabaceae) represents an outstanding plant group that 
includes wild forms and crops of the Old and New World. Lupins grow in highly 
divergent climates and environmental conditions [1, 2]. Of over three hundred 
species belonging to the genus, there are three Old World species, L. albus,  
L. angustifolius and L. luteus, and one New World species, L. mutabilis, used as 
crops in sustainable agriculture. During their evolution, lupins preserved many 
valuable traits that can be exploited in contemporary agriculture. Their seeds are 
rich in proteins and can be used for animal feed [3] and for human consumption 
[4]. Some species may be cultivated on poor and contaminated soils, and are 
widely used as catch crops for soil enrichment in nitrogen and for the removal of 
heavy metals from contaminated arable areas [5, 6]. Furthermore, lupins are 
characterized by a rich secondary metabolism and the production of alkaloids, 
phytoalexins and flavonoids [7, 8]. Some of these biologically active substances 
have potential applications in medicine and in pest control [9, 10]. 
Despite their obvious advantages as a crop, lupins are still of minor importance 
in Europe. Lupin yield can be improved up to a point by traditional breeding 
methods, but it is the recent application of genetic engineering and 
biotechnology that will allow achievements in lupin genetics and genomics to 
catch up with those of other crops. So far, genetic maps have been constructed 
for some lupin species using molecular and biochemical markers, as well as 
morphological and physiological characteristics [11-13], and specific DNA 
markers closely linked to agriculturally important traits were developed [14]. 
Earlier cytological studies within the genus Lupinus were confined to 
chromosome counting, analysis of the morphology of mitotic chromosomes, and 
the examination of meiosis [1, 15, 16]. More recently, rRNA genes and some 
repetitive DNA sequences were physically mapped to lupin chromosomes via 
fluorescence in situ hybridization (FISH) [17-19]. The first attempts to localize 
BAC clones by FISH (BAC-FISH) and the use of PRINS (primed in situ DNA 
labeling) in L. angustifolius were reported on by Naganowska and Kaczmarek 
[20]. The nuclear genome size of several Lupinus species was also determined 
[21]. The comparative flow cytometric analysis of nuclear genome size in all 
Old World species and subspecies revealed a 2.5-fold range of variation [22].  
Physical genome mapping, positional gene cloning and sequencing can be 
greatly facilitated by the availability of DNA libraries with large inserts. Several 
types of vectors can be used to clone large DNA fragments, such as the yeast 
artificial chromosome (YAC), the bacterial artificial chromosome (BAC) and the 
artificial bacteriophage P1 chromosome (PAC) [23]. Bacterial artificial 
chromosomes have recently proven to be invaluable tools in plant genomics. 
Their advantages are high transformation efficiency, stability of inserts, low 
chimerism and simplified manipulation with bacteria [24, 25]. Thanks to the 
large insert size (105 bp), the number of BAC clones needed to cover the genome 
is relatively low (104-105 clones). Thus, it is possible to store the clones 
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individually and create ordered libraries representing whole genomes; these may 
be used for the selection of specific clones. BAC libraries have been created and 
used for many model species, such as Arabidopsis thaliana [26], rice [27], 
Medicago truncatula [28], and for crop plants, such as wheat [29, 30], maize 
[31], barley [32], soybean [33], potato [34], common bean [35] and tomato [36].  
In this paper, we describe the construction of the first nuclear genome BAC 
library of the narrow-leafed lupin Lupinus angustifolius L. We demonstrate that 
flow cytometry and sorting are efficient approaches for purifying intact nuclei, 
which, in turn, can be used to isolate high molecular weight DNA suitable for 
cloning. Thanks to this purification step, the library is practically free of 
cytoplasmic DNA. 
 
MATERIALS AND METHODS 
 
Plant material  
Seeds of Lupinus angustifolius cv. Sonet were obtained from Poznań Plant 
Breeders, Plant Breeding Station Wiatrowo (Poland). The Sonet is a very early 
ripening cultivar resistant to viruses, fusarium disease and plant lodging.  Its 
genotype contains some domesticated genes such as: iuc (low-alkaloid content), 
ta and le (non-shattering pods), Deter (self-completing vegetation), Ku (early 
flowering and thermoneutrality – lower vernalization requirements), and moll 
(soft seed coat). Seeds were germinated in the dark at 25ºC on wet filter paper in 
a petri dish to obtain 2- to 3-cm long roots.  
 
Preparation of high molecular weight DNA  
Roots were cut 1 cm from the tip and fixed for 20 min at 5ºC in 2% (v/v) 
formaldehyde made in Tris buffer (10 mM Tris, 10 mM EDTA, 100 mM NaCl, 
pH 7.5) with 0.1% (v/v) Triton X-100 [37, 38]. After three 5 min washes in Tris 
buffer, the root tips were cut into small parts and transferred to a 5-ml 
polystyrene tube containing 1 ml of ice-cold isolation buffer (IB) [39]. 
Suspensions of intact nuclei were prepared by mechanical homogenization of 
root tips (20 root tips per sample) with a Polytron PT1200 homogenizer 
(Kinematica, Littau, Switzerland) at 9,500 rpm for 10 sec. The crude nucleus 
suspension was passed through a 50-µm pore-size nylon mesh and stained with 
4’,6-diamidino-2-phenylindole (DAPI) at a final concentration of 2 µg/ml. The 
analysis and sorting of the nuclei was done using a FACSVantage flow 
cytometer (Becton Dickinson, San José, USA). The sorting gates were set on  
a dot plot of fluorescence pulse area versus fluorescence pulse width to select 
intact nuclei at the G1 phase of the cell cycle. Nuclei were sorted at rates of 100 
to 200 per second into 200 µl of ice-cold 3.75×IB buffer (final concentration of 
0.75×IB). Flow-sorted nuclei were embedded in low melting-point agarose. To 
make one agarose plug, 5×105 nuclei were sorted and pelleted at 200 g for 25 
min at 4ºC. The nuclei were resuspended in 40 μl of IB warmed to 50ºC and 
mixed with an equal amount of pre-warmed 2% InCert LMP agarose (BMA, 
Rockland, USA) made in IB. 
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BAC library construction 
The procedure of the lupin BAC library construction was based on the protocol 
described by Šáfář et al. [40]. Agarose plugs were washed twice for 1 h in TE 
buffer, cut into small pieces and equilibrated in digestion buffer (1×HindIII 
buffer supplemented with 4 mM spermidine) on ice for 60 min. The high 
molecular weight (HMW) DNA was digested by HindIII in a series of reactions 
with enzyme concentrations ranging from 1.5 to 10.0 units per sample (one third 
of a chopped plug in 0.5 ml digestion buffer). After equilibration on ice for 60 
min, the tubes containing plugs were transferred into a water bath and incubated 
at 37ºC for 15 min. The reactions were stopped by adding 50 μl 0.5 M EDTA, 
pH 8.0, to each tube. Partially digested DNA was size-selected by pulse-field gel 
electrophoresis (PFGE) in the following conditions: run in 1% Gold SeaKem 
agarose gel (BMA, Rockland, USA) at 6 V/cm, 14ºC in 0.5×TBE for 20 h, with 
a 1.0 to 50 sec switch time ramp and an angle of 120º. 
After the first electrophoresis, the region containing non-stained HMW DNA 
(approximately 100-300 kb) was excised from the gel and subjected to a second 
round of size selection. For the second round, different parameters of pulse time 
were used: 2.5 s to 4.5 s for 12 h. The DNA was recovered from the agarose gel 
by electroelution for 1.5 h in 1×TAE buffer, 4 V/cm at 4ºC) using an 
ElectroEluter 422 (Biorad, Hercules, USA). The concentration of electroleluted 
DNA was estimated by agarose gel electrophoresis using a dilution series of 
lambda DNA as a concentration standard. The commercially available BAC 
vector pIndigoBAC-5 HindIII-Cloning Ready (Epicentre, Madison, USA) was 
used for cloning. Ligations were performed in a 40 μl volume consisting of 
approximately 150 ng of size-selected DNA, 25 ng of linearized and 
dephosphorylated vector, 1×ligase buffer and 4.5 units of T4 DNA ligase (New 
England Biolabs, Beverly, USA) at 16ºC overnight. The ligation solutions were 
then de-salted and transformed into Escherichia coli ElectroMAX DH10B 
(Invitrogen, Carlsbad, USA) competent cells by electroporation. 
Each electroporation mix consisted of 3 μl de-salted ligation solution and 20 μl 
competent cells. Electroporation was performed using a Gibco BRL Cell-Porator 
System (Life Technologies, Carlsbad, USA) with the following settings: 
capacitance 330 μF, voltage 350 V, impedance low ohms, charge rate fast, 
resistance 4 kΩ. After transformation, the cells were resuspended in 1 ml SOC 
medium (2% Bacto tryptone, 0.5% Bacto Yeast extract, 10 mM NaCl, 10 mM 
KCl, 10 mM MgCl2, 10 mM MgSO4, 20 mM glucose, pH 7.0) and incubated for 
45 min at 37ºC on an orbital shaker at 225 rpm. Aliquots of the SOC medium 
with recombinant cells were plated on LB plates containing 12.5 μg/ml 
chloramphenicol, 50 μg/ml X-Gal and 25 μg/ml IPTG, and incubated at 37ºC 
overnight. White recombinant colonies were picked out using a GeneTac G3 
robotic station (Genomic Solutions, Huntingdon, UK) and transferred to 384- 
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well plates containing 50 µL LB freezing buffer [41]. The plates were incubated 
overnight at 37ºC, duplicated, and stored at -80ºC. BAC clones that were not 
ordered in 384-well plates were collected in aliquots as a pooled sublibrary.  
 
BAC library characterization 
144 randomly selected BAC clones were used to estimate the average insert size 
of the library. The clones were inoculated in 3 ml of 2YT medium [42] 
supplemented with 12.5 μg/ml chloramphenicol. BAC DNA was isolated, 
digested with NotI enzyme to release inserts, and electrophoresed on PFGE (1% 
agarose 0.5×TBE, pulse time 1 s to 40 s for 16 h, 6 V/cm, angle 120º, and 
temperature 14ºC). Insert sizes were estimated using the lambda ladder PFG 
marker (New England Biolabs, Beverly, USA). 
The library was spotted on Hybond N+ 22.2×22.2cm nylon filters (AP Biotech, 
Little Chalfont, UK) with a GeneTAC G3 robotic workstation. In order to 
determine the library contamination with organellar DNA, the filters were 
hybridized with DNA fragments specific to mitochondrial gene coxII (250 bp) 
and chloroplast gene ndhK (700 bp). The organellar DNA fragments (25 ng) 
were labeled using a Prime-It II Random Primer Labeling Kit (Stratagene, La 
Jolla, California) by incorporating 50 μCi of [α32P] dATP. Hybridization was 
carried out for 16 h at 65ºC in HYBSOL which is composed of 5x SSC (0.75 M 
NaCl, 0.075 M sodium citrate), 5x Denhardt's Solution (0.1% w/v Ficoll-400, 
0.1% w/v polyvinylpyrrolidone, 0.1% w/v BSA), 0.5% w/v SDS [43]. A high 
stringency wash was performed three times in 0.1×SSC and 0.1% SDS at 65ºC 
for 10 min. After hybridization, the filters were exposed to imaging plates for 48 
h and scanned using a Typhoon Phosphoimager (Amersham/Pharmacia, 
Uppsala, Sweden). 
 
RESULTS 
 
In total, 16×106 nuclei were sorted from 55 samples of nucleus suspensions and 
used to prepare 32 agarose plugs. The sorting took six working days. Ten plugs 
were used to set up proper conditions for partial digestion using a restriction 
enzyme. Fifteen plugs (approximately 28 μg DNA) were used for BAC library 
construction.  
Altogether, about 90,000 clones were obtained. Of these, 55,296 clones were 
ordered in 144×384-well microtiter plates. Following this, two copies of the 
library were made. One is stored together with the master copy at the Institute of 
Experimental Botany, Olomouc (Czech Republic) as a backup copy. The other is 
stored at the Institute of Plant Genetics, Polish Academy of Sciences in Poznań 
(Poland) as a working copy. The remaining not-ordered pooled BAC clones are 
stored in 5 ml glycerol stock tubes at -80ºC. If needed, they can be used to 
increase the total number of clones in the library and hence the genome 
coverage. 
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Fig. 1. Pulsed field gel electrophoresis (PFGE) of inserts from randomly sampled BAC 
clones. A lambda ladder (M) was used as the size marker. 
 

Fig. 2. The distribution of insert size in 144 randomly selected BAC clones. 

 
A representative sample of PFGE for BAC clone size analysis is given in Fig. 1. 
The size of inserts ranged from 30 kb to 150 kb (Fig. 2). The average insert size 
in the library was estimated to be 100 kb. 
The complete library occupies three filters (4×4 pattern, 18,432 clones on each 
filter in duplicate). The result of the analysis of contamination with organellar 
DNA was that the coxII, a mitochondrial-specific sequence, gave 10 positives 
signals in the whole library (Fig. 3); the chloroplast specific sequence ndhK gave 
25 positive signals. Therefore, contamination of the library with mtDNA and 
cpDNA was estimated as 0.02% and 0.05%, respectively. 
Considering the 2C DNA content of 1.89 pg for Lupinus angustifolius [22], 
which corresponds to a 1C genome size of 924 Mbp (see Doležel et al. [44] for 
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the conversion factor), the average insert size of 100 kb, and the presence of 
approximately 0.07% BAC clones containing organellar DNA, we estimated that 
the narrow-leafed lupin BAC library represents 6 haploid genome equivalents of 
L. angustifolius. Using the formula of Clarke and Carbon [45], the probability of 
recovering any lupin DNA sequence from the library was predicted to be 99.7%. 
 

 
Fig. 3. An example of library screening with a mitochondrial-specific probe; 2 positive 
signals were found among the 18,432 BAC clones spotted in duplicate on one filter. 
 
DISCUSSION 
 
In selecting a lupin species for the BAC library construction, potential 
agricultural values as well as genomic traits were considered. We chose  
L. angustifolius because of its relatively low chromosome number (2n = 40), its 
moderate genome size of 924 Mbp, its economic importance, and its wide range 
of cultivation, which includes not only the Mediterranean region of species 
origin, but also Northern Europe and Australia. 
BAC library construction involves several steps which determine its quality. One 
of the crucial problems is obtaining high molecular DNA free of contamination 
with organellar DNA. When traditional DNA purification protocols are used, the 
contamination may reach 14% [41]. Šimková et al. [39] developed an improved 
protocol using flow sorting for the purification of nuclei. That resulted not only 
in an almost complete absence of organellar DNA but also in a very high 
molecular weight of isolated DNA. The improved protocol was used to create  
a genomic BAC library of banana with low cytoplasmic contamination [40]. In 
this study, the same protocol resulted in contamination lower than 0.1%. To the 
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best of our knowledge, the genomic BAC library we have created is the first 
library of this type for lupin. The key quality parameters of the library, i.e. the 
average insert size of 100 kb and genomic coverage of 6×, are comparable to 
other plant BAC libraries (http://www.genome.arizona.edu/orders/), and make 
the library suitable for the entire range of genomics applications. 
One of the attractive uses for the library is the development of molecular 
markers closely linked to agriculturally important traits, e.g. disease resistance 
genes. To address this question, high density colony arrays are screened with  
a known marker sequence [46]. Selected BAC clones are end-sequenced and 
specific primers designed. The segregation of polymorphic PCR products is 
tested using a mapping population and linkage to the gene of interest is 
determined. If the linkage distance is large, another round of the library 
screening is performed with the PCR product as a probe. Another set of BAC 
clones is selected and end-sequenced, and new primer pairs are designed. This 
chromosome-walking technique is useful for selecting BAC clones carrying the 
genes of interest and facilitates the contig construction of interesting genome 
regions and finally the gene cloning.  
The new BAC library will be used to integrate genetic and physical mapping in 
lupin and to study the organization of plant genomes. Molecular cytogenetics 
can contribute to genome mapping through the assignment of genetic linkage 
groups to chromosomes [47, 48]. Localization of BAC clones using fluorescence 
in situ hybridization (BAC-FISH) was shown to be an effective approach to 
physically map specific DNA sequences and develop chromosome-specific 
cytogenetic markers [49, 50]. Our preliminary results indicate that FISH with 
BAC clones selected from the lupin BAC library will facilitate physical mapping 
of important genes. BAC clones selected after hybridization of high density 
colony arrays with probes for ENOD40 and molecular markers linked to 
anthracnose or phomopsis resistance genes are being localized on mitotic 
chromosomes using FISH [20]. 
The L. angustifolius genomic BAC library described here is free of IP issues and 
is accessible for research collaboration with lupin geneticists and breeders. Its 
availability should stimulate the development of a physical contig map, 
positional gene cloning, and further analysis of genome structure in lupin. 
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