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Abstract – Conifers are of great economic and ecological importance, but little is known concerning their genomic organization. This study is an
attempt to obtain high-quality high-molecular-weight DNA from Pinus pinaster cotyledons and the construction of a pine BAC library. The preparation
incorporates modifications like low centrifugation speeds, increase of EDTA concentration for plug maintenance, use of DNase inhibitors to reduce
DNA degradation, use of polyvinylpyrrolidone and ascorbate to avoid secondary metabolites, and a brief electrophoresis of the plugs prior to their
use. A total of 72 192 clones with an average insert size of 107 kb, which represents an equivalent of 11X pine haploid genomes, were obtained. The
proportions of clones lacking inserts or containing chloroplast DNA are both approximately 1.6%. The library was screened with cDNA probes for
seven genes, and two clones containing Fd-GOGAT sequences were found, one of them seemingly functional. Ongoing projects aimed at constructing
a pine bacterial artificial chromosome library may benefit from the methods described here.

BAC / library / glutamate synthase / high molecular weight DNA / pine

Résumé – Construction d’une banque BAC pour le pin maritime (Pinus pinaster). Les conifères présentent un intérêt économique et écologique de
premier plan mais restent très mal connus du point de vue de l’organisation de leur génome. Cette étude présente une tentative réussie de construction
d’une banque BAC de séquences d’ADN de haute qualité et de poids moléculaire élevé à partir de cotylédons de Pinus pinaster. Le protocole de
préparation se base sur des ajustements comme une baisse de la vitesse de centrifugation, une augmentation des concentrations d’EDTA dans les culots,
l’utilisation d’inhibiteurs des ADNases pour limiter la dégradation de l’ADN, l’utilisation de polyvinylpyrrolidone et d’ascorbate pour éliminer les
métabolites secondaires, et de brèves électrophorèses des culots. Un total de 72 192 clones a été obtenu, d’une dimension moyenne d’inserts de 107 kb
et représentant l’équivalent de 11X du génome haploïde de pin. La proportion de clones dépourvus d’inserts ou contenant de l’ADN chloroplastique
était de 1.6%. La banque a été testée avec des ADN complémentaires de 7 gènes, et deux clones contenant la séquence de la Fd-GOGAT ont été détectés.
Des projets visant à construire une banque bactérienne artificielle (BAC) de chromosome de pin tireront bénéfice de l’utilisation de cette méthode.

banque BAC / glutamate synthase / brins d’ADN à fort poids moléculaire / pin

1. INTRODUCTION

Conifers are of great economic and ecological importance
as they are widely used for reforestation, to obtain paper pulp,
and as a primary source of wood for furniture. In particular,
pines, which cover vast areas of the globe, are one of the most
important genera of forest trees, dominate the ecology of many
temperate and subtropical forest ecosystems, and provide a
major fraction of the world’s wood. They are also valuable
as model organisms because they are the best-characterized
gymnosperms and widely used for genomic mapping, genetic
analysis and functional genomics, among other studies [6,24].
Isolation, sequencing, and characterization of pine genes are
necessary for genomic studies and are becoming available, al-
though mapped based cloning is not still well developed in
conifers, among other things, because large insert collections
are not available due to their genome size and complexity.

Over the last few years, libraries with large genomic DNA
inserts have become more and more important in the analy-
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sis of whole plant, animal, and fungal genomes. Bacterial ar-
tificial chromosomes (BACs) [37] are the most widely used
cloning system in the construction of a genomic DNA library
since their use presents several advantages relative to other
genomic cloning systems [29, 38]. The construction of BAC
libraries have provided desirable substrates for large-scale se-
quencing of large, complex genomes, they are essential re-
sources for development of sequence-ready physical map of
the target genome, to span long-range repetitive sequence re-
gions, to confirm the entire sequence structure of the genome,
to study the horizontal gene transfer, and to analyze clustered
genes [36, 45]. However, BAC libraries are underdeveloped in
pine since its genome, like other conifer genomes, is composed
primarily of non-genic repetitive elements and is exceedingly
large, making the characterization of gene-containing genome
regions difficult. For example, the estimated size of the pine
genome is 2.3 × 1010 nt distributed on 12 large chromosomes,
that is, 48 pg/2C [23, 31, 35], which is even greater than the
common wheat [20].
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Studies of conifer genomics usually experience additional
difficulties in obtaining high quality and large size genomic
DNA: pine genome is about 40× larger than poplar and 160×
larger than Arabidopsis. In grasses, legumes, vegetables and
fruit trees like sweet orange, peach, walnut and willow, it is
enough to break plant cell walls physically in order to iso-
late and embed nuclei in agarose plugs to easily manipulate
DNA as in aqueous solutions without significant shearing or
contamination [22, 28, 44]. By contrast, there have been con-
tradictory results reported concerning high quality genomic
DNA from conifers [19, 22]. Hence, in conifers, isolation of
nuclei suitable for BAC library construction is a critical step
because: (i) megabase DNA tends to shear more during tis-
sue freezing and homogenization, (ii) plant cell walls make
it much more difficult to obtain intact high-molecular-weight
DNA (HMW-DNA), (iii) chloroplasts must be separated from
the nuclei and selectively eliminated since the buoyant densi-
ties of nuclei and chloroplasts are similar, (iv) HMW-DNA is
more sensitive to endogenous nucleases, and (v) HMW-DNA
deteriorates rapidly when stored at 4 ◦C [27] due to waxes and
polyphenols, which can mediate DNA damage by binding to
DNA after cell lysis.

BAC libraries are laborious and costly, especially from or-
ganisms with large and complex genomes, and require ad-
ditional efforts in organization [1]. HMW-DNA preparation
from conifers should focus on avoiding the above-mentioned
critical steps concerning the preparation of intact nuclei, the
protection of DNA from breakage by DNase activity as well
as shearing, and the avoidance of contamination with polysac-
charides and phenolic compounds. It would be of interest to
construct a Pinus pinaster BAC library since it is the most
widely used conifer species for reforestation in Southwestern
European countries, and it is expected that the breeding of im-
proved varieties of P. pinaster will be accelerated by a bet-
ter knowledge of the pine genome using such a BAC library.
Moreover, a large collection of ESTs from Pinus pinaster is
publicly available at NCBI. Therefore, here we report on how
to circumvent these obstacles in order to obtain high-quality
HMW-DNA, how to construct a pine BAC library, and how to
conduct its screening in order to identify clones that contain
genes.

2. MATERIALS AND METHODS

2.1. BAC vector preparation

The modified, high-copy BAC vector pCUGIBAC1 containing the
pIndigoBAC536 was kindly provided by David Frisch (Clemson Uni-
versity Genomics Institute, USA) and used for library construction.
Supercoiled pCUGIBAC1 DNA was isolated according to previously
described methods [27, 39], digested with BamHI, and dephosphory-
lated with 0.4 U of calf intestinal alkaline phosphatase (Roche) per µg
of vector DNA. It was then self-ligated at room temperature for 2 h
and fractionated on 0.8% low melting agarose gel in 1X TAE buffer
(40 mM Tris-acetate, 1 mM EDTA). The linear dephosphorylated
pIndigoBAC536 DNA (7.5 kb) was sliced from the gel and purified
with Qiaquick kit (Qiagen) following the manufacturer’s instructions.
The final concentration of vector was adjusted to 10 ng/µL, aliquoted,

and stored in 50% glycerol at –20 ◦C (for frequent use) or –80 ◦C (for
long-term storage).

2.2. Pine nuclei isolation

Since pine needles seem to be difficult to extract their DNA with
HMW quality [19, 22], Pinus pinaster seeds (supplied by INFOCA,
Málaga, Spain) were used and germinated as described previously
[7] in spite of their genotype heterogeneity. Nuclei were isolated
from seedling cotyledons according to commonly used plant methods
[26, 29, 44] modified as follows: 20 g of P. pinaster cotyledons were
ground into fine powder in liquid nitrogen with mortar and pestle, and
then immediately transferred into ice-cold homogenization buffer HB
(10 mM Tris-HCl pH 9.4, 80 mM KCl, 10 mM EDTA, 4 mM spermi-
dine, 1 mM spermine, 0.5 M sucrose) supplemented with 0.5% Tri-
ton X-100, 0.15% 2-mercaptoethanol, 2% PVP-40 and 0.1% ascor-
bic acid. The contents were mixed thoroughly on ice by magnetic
stirring and filtered through two layers of cheesecloth and two layers
of Miracloth (Calbiochem-Novabiochem, USA) by squeezing with
gloved hands, and centrifuged at 1200 × g for 20 min at 4 ◦C with
a fixed-angle rotor. The supernatant was poured off and the nuclear
pellet (pale green) was re-suspended in 30 mL of ice-cold HB with
the assistance of a small paintbrush soaked in ice-cold HB buffer.
The suspension was filtered through one layer of Miracloth and cen-
trifuged again at 1000 × g for 15 min at 4 ◦C in a swinging bucket
rotor. The supernatant was decanted and the pellet was washed at least
twice in ice-cold HB buffer. Finally, the nuclear pellet was suspended
in 500 µL SCE buffer (1 M sorbitol, 0.1 M sodium citrate, 60 mM
EDTA, pH 7.0).

2.3. Nuclei embedding in agarose plugs and DNA
digestion

Nuclei were pre-warmed at 45 ◦C for nearly 5 min and then mixed
with an equal volume of 1.6% low melting point agarose (Seaplaque,
FMC Bioproducts, USA) in SCE, kept at 45 ◦C, using a micropipette.
The mixture was then aliquoted into ice-cold plug moulds with the
same micropipette. Solidified plugs were stored in TE at 4 ◦C until
use. The plugs were transferred to 10 vol. of lysis buffer (0.5 M EDTA
pH 9.0-9.3, 1% sodium laurylsarcosine, 2% PVP-40, 0.1% ascorbic
acid, and 0.1 mg/mL proteinase K) and incubated for 36 h at 50 ◦C
without shaking, changing buffer and enzyme every 12 h. Plugs were
washed with 10 vol. of 0.5 M EDTA pH 9 for 1 h at 50 ◦C and then
washed with ice-cold 0.5 M EDTA pH 8 for 1 h until the plugs be-
came transparent. The plugs could be stored on 0.5 M EDTA pH 8
for more than 3 months.

Just prior to use, the plugs were electrophoresed to remove bro-
ken, chloroplast and mitochondrial DNA in a 0.7% agarose gel us-
ing a FIGE (Field Inversion Gel Electrophoresis system; FIGE Map-
per, BioRad, USA). The migration was performed in 0.33 X TBE at
4 V/cm and 11 ◦C for 12 h with an initial pulse time of 2.5 s and a
final pulse time of 5.5 s. After electrophoresis, plugs were removed
from wells and washed twice for 30 min in 10 vol. of ice-cold TE.
DNA concentration was determined by melting a plug and measuring
the absorbance at 260 nm.

One half-plug (a volume of nearly 40 µL) was transferred into a
sterile microcentrifuge tube and equilibrated with 1 mL of incubation
buffer (restriction enzyme buffer plus 4 mM spermidine, 1 mM DTT,
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2.5 mM Lys-HCl and 60 µM EGTA) for 1 h at 4 ◦C. Then, the mix-
ture was replaced with 170 µL of digestion buffer (restriction enzyme
buffer plus 0.75 U BamHI, 4 mM spermidine, 1 mM DTT, 0.5 mg/mL
BSA, 2.5 mM Lys-HCl and 60 µM EGTA), and incubated for 1 h in
ice and then for 3 min at 37 ◦C. The reaction was stopped with 20 µL
of 0.5 M EDTA.

2.4. HMW-DNA electro-elution

Ten half-plugs containing the digested HMW-DNA were elec-
trophoresed in a FIGE at 11 ◦C with a 0.7% agarose gel in 0.33 X
TBE. The FIGE was performed to resolve DNA fragments between
25 and 200 kb using 4 V/cm for 20 h, setting the initial pulse time
of 2.5 s and final pulse of 5.5 s. Two molecular weight markers
were used: one was the lambda DNA concatemer ladder (BioRad,
USA) and the other was the E. coli chromosomal DNA digested
with XbaI prepared following the FIGE Mapper procedure. The re-
gion between 100 and 240 kb was excised from the gel and electro-
eluted in a thin dialysis bag (Sigma, USA) filled with approximately
300 µL of 0.33 X TBE buffer. Electro-elution was performed for 2.5 h
in the FIGE system in the same conditions as above. Buffer con-
taining the DNA fragments was taken from the bag with a cut tip.
The electro-elution yields a low concentration DNA that was drop-
dialysed against 0.5 X TE with 10% PEG for 90 min at room temper-
ature on 0.025 µm VSWP type MF- Millipore Membranes.

2.5. BAC library construction

About 40 ng of the dephosphorylated pIndigoBAC536 DNA were
ligated overnight to 400 ng of pine HMW-DNA in a total volume
of 150 µL with 400 U of T4 DNA ligase (New England Biolabs)
in 66 mM Tris-HCl pH 7.6, 6.6 mM MgCl2, 10 mM DTT, 0.1 mM
ATP at 16 ◦C. The ligation mixture was then desalted and concen-
trated against TE/PEG. Two microliters of the concentrated ligation
reaction were used to electroporate 30 µL of E. coli ElectroMax
DH10B cells (Gibco-BRL, USA) using the Eppendorf cell-porator
system and the following settings for a 1 mm cuvette (BioRad, USA):
1800 V, 10 µF capacitance, and a maximum resistance of 600 W. Af-
ter transformation, cells were suspended in 1 mL SOC medium (2%
Bacto tryptone, 0.5% Bacto yeast extract, 10 mM NaCl, 2.5 mM KCl,
10 mM MgCl2, 10 mM MgSO4, 20 mM glucose, pH 7.0) and incu-
bated for 1 h at 37 ◦C with shaking at 100 rpm. Cells were spun
down, suspended in 200 µL of SOC medium and plated in LB plates
(1% Bacto tryptone, 0.5% Bacto yeast extract, 1% NaCl, 1.5% agar,
pH 7.5) containing 12.5 mg/mL chloramphenicol, 40 µg/mL X-gal
and 100 µg/mL IPTG. After incubating for 36–48 h at 37 ◦C, sin-
gle white colonies were manually picked and stored in 384-well mi-
crotitre plates (Nunc, Denmark) as follows: individual wells contain-
ing 75 µL of LB freezing buffer (LB broth supplemented with 36 mM
K2HPO4, 13.2 mN KH2PO4, 1.7 mM sodium citrate, 0.4 mM MgSO4,
6.8 mM (NH4)SO4, 4.4% v/v glycerol) with 12.5 mg/mL chloram-
phenicol were inoculated with a single colony. The plates were incu-
bated overnight at 37 ◦C, and stored at –80 ◦C.

The average insert size of the BAC library was assessed using 128
randomly selected clones and isolating their DNA with a modified
alkaline lysis protocol [40]. Half a microgram of BAC DNA were
digested overnight with 3 U of NotI to release the insert from the
BAC vector. The insert size was estimated via 1% agarose gel by
using FIGE conditions of 4 V/cm for 16 h at 11 ◦C with an initial
pulse time of 0.1 s and a final pulse time of 3.5 s.

Table I. Primers used to amplify three pine chloroplast genes, and the
length of each amplified fragment.

Gene Primers Amplicon
size (kb)

RpoC2 5’-GCACTATCCAAGGTATTTTCGTAA-3’ 0.92
5’-GTCACCTGATCTATGTTCCACTTG-3

PsaA 5’-CCGGAACCAGAAGTAAAGAAAGTA-3’ 1.00
5’-TATGGCCCTCCCCCGTAAAT-3’

ChiN 5’-GATTTTTGCAGAACCCCGCTATG-3’ 0.98
5’-CGTATCTGATTCGAATTGTCTGGT-3’

2.6. BAC library screening

BAC clones were spotted on nylon membranes using a 384-
pin replicator system (Nunc). Each 7.5 × 11.5 cm membrane was
prepared to contain clones from four different microtitre plates
(1536 clones per membrane). DNA was fixed to membranes by UV
cross-linking.

Screening for chloroplast DNA in the library was carried out using
three pine chloroplast PCR-generated gene-specific probes for genes
RpoC2, PsaA and ChiN (Tab. I), which are spaced almost equally
around the 119.7 kb pine chloroplast genome [41]. Each gene frag-
ment was amplified by PCR using 50 ng Pinus pinaster total DNA
isolated as previously reported [7]. The samples for PCR amplifica-
tion were denatured for 1 min at 94 ◦C and subjected to 30 cycles of
1 min denaturation at 94 ◦C, 1 min annealing at 50–65 ◦C, and 2 min
extension at 72 ◦C, followed by a final extension of 10 min at 72 ˚C.
EcoTaq 0.025 U/µL (EcoGen, Spain) was used. The three amplicons
were cloned into pBluescript and their presence was confirmed by
sequencing.

Eight probes derived from 7 nuclear genes (Tab. II) were used to
study the suitability of the partial BAC library. Hybridization was
carried out at 65 ◦C overnight using standard techniques [34].

3. RESULTS

3.1. Protocol modifications to preserve the integrity of
pine nuclei and their DNA

Commonly used protocols to obtain suitable nuclei [26, 29,
44] have to be optimized to make them suitable for pine. Better
yields were obtained using brief centrifugation times (15 min)
at speeds of 1200 or 1000 × g. The number or layers of Mir-
acloth was increased from 1 to 2 to compensate for the de-
crease in centrifugation speed. DNA does not become oxidized
(brown pellet) when PVP-40 and ascorbic acid were added
to the homogenization buffer. Nuclei were finally resuspended
in SCE buffer instead of HB since the former contains much
more EDTA (60 mM vs. 10 mM) in order to inhibit pine Mg2+

-dependent DNases that were not removed neither using previ-
ous methods (lanes Z and P in Fig. 1) nor using our optimized
one (lanes B in Fig. 1). Nuclei were embedded in agarose and
the resulting plugs were migrated briefly to remove sheared
DNA (lanes ‘TE‘ in Fig. 1). The final protocol yields 4.8 µg of
unoxidized unbroken DNA per gram of fresh weight.

For enzymatic manipulation, EDTA was replaced with
other inhibitors that do not affect restriction endonucleases.
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Table II. cDNA probes used to screen the pine BAC library.

Gene Size (bp) Species References
GS 1a 1400 Pinus sylvestris [7, 8]
GS 1b 800 Pinus sylvestris [3, 4]
Fd-GOGAT, 3’-end 1300 Pinus sylvestris [13, 14]
Fd-GOGAT, 5’-end 2000 Hordeum vulgare [2]
PII 1100 Pinus pinaster C. Avila, unpublished
Nitrite reductase 800 Pinus sylvestris C. Avila, unpublished
Chloroplast dicarboxylic translocator DIT1 2000 Spinacea oleacea [42]
Chloroplast dicarboxylic translocator DIT2 2000 Spinacea oleacea [42]

Figure 1. Comparison of pine nuclei DNA obtained with three different protocols: Z according to Zhang et al. (1995), P according to Peterson
et al. (2000), and B according to this work. Agarose plugs were incubated for 2 h at 37 ◦C with TE (TE), incubation buffer without restriction
enzyme (IB–), or incubation buffer with BamHI (IB+B) and then migrated in a FIGE. The sizes of the molecular weight markers are shown on
the left.

The combination of 160 mM L-lysine and 4 mM EGTA
has been shown to inhibit unwanted DNases while preserv-
ing the activity of common restriction enzymes [26]. How-
ever, in our hands, this combination inhibited all nuclease
activity, including restriction endonucleases. Hence, incu-
bation buffers were then tested with decreasing concentra-
tions of L-lysine/EGTA of 80 mM/2 mM, 40 mM/1 mM,
20 mM/0.5 mM, 10 mM/0.25 mM, 5 mM/0.12 mM,

2.5 mM/60 µM and 1.25 mM/30 µM. Each agarose plug was
then separated into two halves: one half-plug was not treated,
and the other half-plug was digested with BamHI for 2 h. Af-
terwards, they were subjected to a FIGE. 2.5 mM L-lysine
and 60 µM EGTA were sufficient to reduce unspecific HMW-
DNA degradation while permitting digestion with restriction
endonucleases. Plugs can be stored in 0.5 M EDTA up to
5 years. Additionally, sheared DNA is nearly absent and most
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A B

Figure 2. Analysis of 12 out of the 128 randomly selected P. pinaster BAC clones. A. Ethidium bromide-stained FIGE showing inserted DNA
larger than the common 7.5 kb pIndigoBAC536 vector band. B. Autoradiograph of the gel in A after transfer and hybridization with total pine
genomic DNA. Lane numbers correspond to different BAC clones. The sizes of the different molecular weight markers (M and M’) are shown
on the left.

nucleases were removed (compare lane B with respect to lanes
Z and P in blocks ‘TE’ and ‘IB–‘ at Fig. 1).

3.2. Partial digestion of HMW-DNA and FIGE

Special care was devoted to setting up the HMW-DNA par-
tial digestion because restriction reactions were carried out in
the presence of L-lysine and EGTA, whose presence alters the
activity of restriction endonucleases. The half-plugs were se-
rially digested in 170 µL of reaction buffer for 30, 15, 5 and
3 min with 2, 0.75 and 0.1 U of restriction enzyme. The three
single-cut restriction sites in the BAC vector (HindIII, EcoRI
and BamHI) were tested and 0.75 U BamHI for 3 min results
in a maximal amount of DNA digested in the range of 100 to
200 kb. The optimal conditions for HindIII and EcoRI were
very similar but not identical to BamHI, perhaps due to the
presence of L-lysine and EGTA in the digestion mixture [26].

Partial digestion of 64 µg of DNA in 10 agarose plugs
yielded 4 µg of DNA ranging from 100 to 200 kb. Eluted
DNA was not subjected to a second round of size selection
[25] since plugs were previously electrophoresed to remove
any other DNA. Our results suggest that HMW-DNA can be
efficiently digested using this protocol.

3.3. BAC library construction and characterization

Optimal dephosphorylation and ligation conditions were
determined with lambda DNA and produced 90% of white
colonies. Partially digested pine DNA was ligated into

pIndigoBAC536 vector and transformed by electroporation
into E. coli DH10B (efficiency, 3.75 × 106 colonies per µg
of DNA). Twelve BAC clones were digested with NotI and
hybridized with radiolabeled total genomic DNA. Since NotI
is a GC-8-base cutter, the digestion typically generates two
fragments, one of 7.5 kb corresponding to the BAC, and a
larger one corresponding to the insert (Fig. 2A). These frag-
ments were hybridized with labeled genomic DNA in a South-
ern blot (Fig. 2B), indicating that the insert source was pine.
The strongly hybridizing lanes should correspond to highly
repetitive genomic DNA while the weak ones should proba-
bly correspond to low-copy DNA, since clones with the same
DNA amount on the gel (lanes 4, 5 and 7, for example) provide
different signal intensity. The same filter was also probed with
total genomic DNA from E. coli and only the pIndigoBAC
vector hybridized to this probe, confirming that no bacterial
DNA was cloned.

The partial BAC library that we produced consisted of
72 192 clones, whose average insert size was determined by
digesting 128 randomly selected clones with NotI. The clones
were grouped by insert size, and the insert size of each clone
was plotted against the frequency of each group of clones rep-
resented in the library (Fig. 3). Based on this analysis, 1.6%
of the clones did not contain inserts. Most of the library was
between 76 and 125 kb: 10% of the clones had an insert larger
than 150 kb, while 25% were smaller than 80 kb. Therefore,
the average insert size of the library was 107 kb. This average
size together with the 72 192 clones makes the representation
to be 0.11X. The proportion of clones in the library containing
organelle DNA was estimated as follows: 4 high-density fil-
ters containing 6 144 (corresponding to 8.5% of the current
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Figure 3. Insert size distribution of the BAC library. The insert size distribution of 128 BAC clones was analyzed as shown in Figure 2A. The
average insert size is 107 kb.

library) were screened with the chloroplast-specific probes
rpoC2, ChlN and psaA (see Materials and methods). Ninety-
eight clones hybridized with at least one probe, corresponding
to 1.59% of the BAC clones containing inserts of chloroplast
DNA.

Taking into account that the pine genome contains
2.3 × 1010 bp, and that the average insert size of our library
is 107 kb, a pine BAC library should contain at least 643 941
clones in order to represent 1 X copy of the pine genome with
a probability of 95%. The 1.6% of clones without insert and
the 1.59% of clones with chloroplast DNA would increase this
number to 664 647 clones.

3.4. Suitability of the partial BAC library

Since we only have a 0.11X library of a genome that
is mostly composed of non-coding DNA [35], the library
coverage was tested by screening 47 filters that contain the
72 192 clones using 8 probes for 7 genes, which are among
the best characterized genes in gymnosperms (Tab. II). Two
GOGAT-positive clones, 16A9 and 176P12, were obtained
(Fig. 4). They were digested with BamHI and HindIII and hy-
bridized with the pine GOGAT probe that recognizes the 3’-
end of the gene (Fig. 4, right), and the barley GOGAT probe
that recognizes the 5’-end of the gene (Fig. 4, left). As ex-
pected, hybridization with the homologous pine 3’-end probe
resulted in more intense signals than with the heterologous
barley 5’-end probe. The hybridizing fragments were cloned
into pBluescript and sequenced; the primary BAC clones 16A9
and 176P12 were also end-sequenced. The resulting sequences
contained highly homologous sequences to Fd-GOGAT cD-
NAs from other plant species (Fig. 5).

Clone 16A9 aligned with parts of the Fd-GOGAT cDNA
of Arabidopsis thaliana (AC# AL391716), maize (AC#
M59190.1) and rice (AC# AP003833) indicating the occur-
rence of internal deletions in the coding sequence of 16A9

while no putative intron DNA was found (Fig. 5A, left); the
three regions in the dotplot that display similarity between
16A9 and AL391716 are 78% identical in average. In rela-
tion with P. sylvestris Fd-GOGAT cDNA [13] and clone 16A6
(Fig. 5A, right), when we compared the theoretical overlap
between both sequences (604 nt), only a stretch of 380 nt
displayed a high percentage of identity (95%) while the rest
(224 nt) is strikingly divergent. Moreover, no open reading
frame can be inferred from the 16A9 sequence. Taken together,
these data suggest that clone 16A9 is a non-functional Fd-
GOGAT sequence, perhaps a pseudogene.

With regard to clone 176P12, an intron-exon series can be
predicted from its sequence analysis and alignments (data not
shown). Furthermore, the exon sequences seem to be nearly
identical to P. sylvestris Fd-GOGAT cDNA [13]. The deduced
amino acid sequence from the exons is very similar to the pro-
tein sequences of rice and Arabidopsis Fd-GOGAT, particu-
larly concerning the conserved locations for their splicing sites
(Fig. 5B). In conclusion, unlike 16A9, 176P12 seems to con-
tain a functional Fd-GOGAT gene.

4. DISCUSSION

The first attempt to construct a BAC DNA library from
P. pinaster is described. This protocol will considerably ad-
vance genomic studies in pine since, although incomplete, the
partial BAC library has led to the isolation of a clone contain-
ing a gene of interest. In consequence, it could be used to assist
pine genome mapping and sequencing projects in the near fu-
ture.

Several aspects of previously described protocols to pre-
pare HMW-DNA were optimized to (i) preserve the nuclei in-
tegrity, (ii) avoid DNA shearing, (iii) manage the presence of
secondary metabolites (mainly polyphenols), and (iv) inhibit
non specific DNAse activities. This changes can be summa-
rized as follows: as pine organs are waxy and rich in polyphe-
nolic substances, and pine cell walls are difficult, expensive
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16A9

176P12

Figure 4. Hybridization of clones 16A9 and 176P12
with GOGAT probes. Left: Autoradiograph ob-
tained hybridizing with the heterologous 5’-end
probe. Centre: Ethidium bromide-stained FIGE gel
of each clone digested with BamHI and HindIII.
Right: Autoradiograph obtained hybridizing with
the pine 3’-end probe.

and time-consuming to remove [15], the starting material were
pine cotyledons and the preferred homogenization method was
grinding in liquid nitrogen. Peterson et al (2000) described
that lower centrifugation speeds (600 × g) increased nuclei in-
tegrity due to the high DNA content (48 pg) and large size
of pine nuclei [23, 35]. But in our hands, yield is so compro-
mised that we have to make use of brief centrifugation times
(15 min) at speeds of 1200 or 1000 × g. The method of Zhang
et al. (2000) provides brownish plugs due to oxidation; there-
fore, PVP-40 and ascorbic acid avoid the oxidation of DNA
since they adsorb polyphenols [10]. The EDTA concentration
in SCE or HB buffers was not described to be important [44]
but, in our procedure, 60 mM EDTA has been reported here to
be critical in order to stabilize HMW-DNA and provide DNA
in agarose plugs stable for up to 5 years. Nuclease inhibitors
such as L-lysine and EGTA [26] have to be used, although
in a lower concentration (2.5 mM L-Lys and 60 µM EGTA).
Therefore, the method described here (Fig. 1) provides nuclei

that can be stored for a long time and provides long DNA frag-
ments (average size of 107 kb) in contrast to previous studies
that reported the extraction of extremely short fragments from
conifers [22].

Addition of nuclease inhibitors at the beginning of the pro-
tocol to isolate DNA bands from 300 to 500 kb [29] has been
reported; however, this is not applicable when using EGTA be-
cause it removes the Ca2+ that is necessary for the activity of
proteinase K, resulting in the presence of active nucleases after
the treatment [5]. Consequently L-Lys and EGTA were added
only after proteinase K treatment (see Materials and Methods).

Although DNA fragments used for ligation were selected in
the range of 100 to 240 kb, the 107 kb final average insert size
was lower (Fig. 3). Similar findings were observed in the con-
struction of other BAC libraries [43] and it was hypothesized
that smaller fragments could comigrate in agarose gels, which
results in decreasing the average insert size [11].
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A

B

Figure 5. Sequence analysis of Fd-GOGAT sequences isolated from the BAC library. A. 16A9 sequence is compared in a dotplot with Fd-
GOGAT cDNAs of Arabidopsis (left) using a window of 15 amino acids and a stringency of 11, and with Pinus sylvestris (right) using a window
and stringency of 9 amino acids. B. Alignment of the amino acid sequence deduced from 8 exons of Arabidopsis (AC# AL391716), rice (AC#
AP003833) and Pinus pinaster (176P12). The first amino acid coded by an exon is marked in bold-italic, while the last amino acid coded by
an exon is marked in bold.
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Our method overcomes the drawbacks of ligation inhibition
by sheared DNA and electroporation efficiency by (i) the treat-
ment with laurylsarcosine which breaks nuclear and chloro-
plast membranes, and (ii) the brief electrophoresis of the plugs
prior to their use [26] removed sheared DNA, chloroplast
DNA, and any mitochondrial DNA (around 120 kb [41]). The
ligation efficiency seems to be improved with respect to pre-
vious literature, where the proportion of false positive ranges
from 3% to 17% [43], while the proportion was 1.6% in our
case.

Vector preparation also plays a major role in the success
of BAC library construction [9]. Hence, mild dephosphoryla-
tion was performed to avoid vector damage. After ligation, the
remaining linearized form was purified from an agarose gel.
The transformation efficiency after ligation of the partially di-
gested HMW-DNA suggests that negligible contamination of
sheared DNA is present, indicating that the protocol yields
DNA suitable for BAC cloning. The high transformation ef-
ficiency could have the following, mutually non-exclusive ex-
planations: (i) the use of 0.33 X TBE results in less contami-
nation with borate, which increases the ligation efficiency [9],
(ii) the mild dephosphorylation, (iii) the purification of the di-
gested unreligated pIndigoBAC vector prior to use, and (iv) the
removal of sheared DNA from the plugs with one round of
FIGE, which also decreased the possible contamination with
organellar DNA. Hence, the method described here seems to
provide an affordable approach to megabase DNA prepara-
tion from conifers and facilitates long-range physical mapping
and large DNA cloning in conifer genome research programs.
Moreover, the reproducibility of our protocol makes it suit-
able for other woody plants like the olive tree (V. Sánchez-
Vera, M.G. Claros, unpublished results). Construction of BAC
libraries with ‘gene-enriched’ DNA has been suggested using
differential metilation [32] or reassociation curves [30]. These
approaches were discarded since they will produce BAC li-
braries only useful for gene cloning, as the construction of a
sublibrary enriched in a gene of interest [12]. Isolation of a
particular chromosome to construct a BAC library [20] seems
not very useful in pine where the 12 chromosomes are very
big and are close in size [17]. In fact, when we attempted to
separate them by flow cytometry, they were resolved only in
two main peaks (R. Bautista and M.G. Claros, unpublished
results). However, it can be of future interest to maintain a
pooled, nongridded BAC library that would be easier to orga-
nize and faster to screen [18].

The hybridizations performed with genomic DNA sug-
gested that the BAC library contains a significant proportion of
nonrepetitive DNA (Fig. 2), enough to isolate genomic clones
containing genes (Figs. 4 and 5), or that pine gene sequences
present in multiple copies can facilitate their cloning [21].
The preliminary characterization of the 176P12 clone indi-
cates that it seems to contain a Fd-GOGAT gene (Fig. 5) while
16A9 is possibly a non-functional GOGAT sequence inserted
in the genome that can also be found in both P. pinaster and
P. sylvestris genomes [40]. The 16A9 clone may be an usual
event [16, 17, 21] since, in pine, the number of gene-like se-
quences is extremely large in comparison to other plants [33].
The preliminary analysis of the 179P12 clone indicates that it

contains a functional copy of the Fd-GOGAT gene with intron-
exon structure similar to other orthologous genes. In conclu-
sion, the 72 192 clones obtained with this method were of suf-
ficient quality to identify gene sequences. The library and the
method represent a first step toward a future physical mapping
of the pine genome. Moreover, both the library and the method
can be used in functional genomics with the ultimate goal of
identifying and cloning specific genes but not for sequencing
strategies as far as nuclei were isolated from non-clonal mate-
rial.
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