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Abstract The APA family of seed proteins consists of
three subfamilies, in evolutionary order of hypothesized
appearance: phytohaemagglutinins (PHA), a-amylase
inhibitors (aAI), and arcelins (ARL). The APA family
plays a defensive role against mammalian and insect
seed predation in common bean (Phaseolus vulgaris L.).
The main locus (APA) for this gene family is situated on
linkage group B4. In order to elucidate the pattern of
duplication and diversification at this locus, we devel-
oped a BAC library in each of four different Phaseolus
genotypes that represent presumptive steps in the evo-
lutionary diversification of the APA family. Specifically,
BAC libraries were established in one P. lunatus (cv.
‘Henderson: PHA+ aAI� ARL�) and three P. vulgaris
accessions (presumed ancestral wild G21245 from
northern Peru: PHA+ aAI + ARL�; Mesoamerican
wild G02771: PHA+ aAI + ARL+; and Mesoamerican
breeding line BAT93: PHA+ aAI + ARL�). The li-
braries were constructed after HindIII digestion of high
molecular weight DNA, obtained with a novel nuclei
isolation procedure. The frequency of empty or cpDNA-
sequence-containing clones in all libraries is low (gen-

erally <1%). The Henderson, G21245, and G02771 li-
braries have a 10· genome coverage, whereas the BAT93
library has a 20· coverage to allow further, more de-
tailed genomic analysis of the bean genome. The com-
plete sequence of a 155 kbp-insert clone of the G02771
library revealed six sequences belonging to the APA
gene family, including members of the three subfamilies,
as hypothesized. The different subfamilies were inter-
spersed with retrotransposon sequences. In addition,
other sequences were identified with similarity to chlo-
roplast DNA, a dehydrin gene, and the Arabidopsis
flowering D locus. Linkage between the dehydrin gene
and the D1711 RFLP marker identifies a potential syn-
tenic region between parts of common bean linkage
group B4 and cowpea linkage group 2

Introduction

The arcelin–phytohemagglutinin–a-amylase inhibitor
(APA) multigene family encodes albumins, one of the
two major groups of seed storage proteins in common
bean (Phaseolus vulgaris L.). The APA family consists of
three subfamilies: (1) phytohemagglutinins or seed lec-
tins (PHAs); (2) a-amylase inhibitors (aAI); and (3)
arcelins (ARL). Although early research efforts were
prompted by the agglutinating properties of PHAs
(Pusztai 1991), it is the role of ARL and aAI in plant
defense that has provided impetus for more recent
investigations in common bean (Osborn et al. 1988;
Chrispeels and Raikhel 1991; Suzuki et al. 1993). PHAs
are toxic to mammals and birds. Their toxicity is
thought to derive from binding to glycoproteins in the
intestinal mucosa. aAI proteins inhibit digestive a-
amylases in the intestine of mammals and larvae of
certain bruchid (weevil) species. ARL proteins affect
bruchid species, either because they are poorly digestible
(Minney et al. 1990) or are toxic (Osborn et al. 1988).
Thus, these three classes of APA proteins differ in their
biochemical and cell biology characteristics. In turn,
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these characteristics may relate to the resistance they
confer to various predators.

Proteins of the three subfamilies are encoded in
common bean by intronless genes of 732–819 bp in
length, which show >70% nucleotide sequence iden-
tity. Dendrograms reveal three clusters or subfamilies
of sequences corresponding to the three protein types
(Mirkov et al. 1994). Upon sequence alignment, the
genes coding for the three subfamilies can be distin-
guished primarily by three deletions (Rougé et al.
1993). Alpha-amylase inhibitors differ from lectins
primarily by the deletion of three short surface loops
whereas in ARL, only one of these loops is missing
(Mirkov et al. 1994). aAI-like proteins differ from aAI
proteins by the presence of an additional 15 bp in the
former (Finardi-Filho et al. 1996). With three excep-
tions, the individual members of the APA family are
linked in tandem in a complex locus (Lec-aAI-Arl or
APA locus, henceforth) on linkage group B(ean)4 of
the common bean molecular linkage map (Osborn
et al. 1986; Chrispeels and Raikhel 1991; Suzuki et al.
1995; Freyre et al. 1998; Gepts 1999). The exceptions
concern three other lectin genes [Lec-2, Lec-3, and
FRIL (Flt3 receptor-interacting lectin)], which map to
linkage group B7, but are only loosely linked (Nodari
et al. 1993; Colucci et al. 1999; P. Gepts, unpublished
results). The actual number of sequences, including
pseudogenes, located at the APA locus is not known.
However, four different PHA sequences have been de-
scribed in different accessions of common bean (Hoff-
man and Donaldson 1985; Voelker et al. 1987; Mirkov
et al. 1994). In common bean, eight DNA sequences
have been described for arcelin, also in different
accessions (Osborn et al. 1986; John and Long 1990;
Mirkov et al. 1994; Goossens et al. 1994; Sparvoli and
Bollini 1998; Acosta-Gallegos et al. 1998), five for aAI
(Hoffman et al. 1982; Moreno and Chrispeels 1989;
Mirkov et al. 1994; Ho et al. 1994; Suzuki et al. 1994),
and one for an aAI-like protein (aAIL: Finardi-Filho
et al. 1996). It is not known whether these different
genes are alleles at the same locus or different se-
quences belonging to a multigene, complex locus,
which has undergone successive duplications (Lioi et al.
2003). Furthermore, some of the differences among
accessions may result from the existence of different
stages in the structural evolution of the APA locus.

To further characterize the structural evolution of the
APA locus, we have developed a bacterial artificial
chromosome (BAC) library in each of four carefully
chosen genotypes along an evolutionary lineage in
common bean. In this article, we present a comprehen-
sive description of our procedures and results, from the
isolation of high-molecular-weight DNA and construc-
tion of BAC libraries to the characteristics of the
resulting BAC libraries and the sequence of the APA
locus contained in a 155 kbp BAC clone from accession
G02771, which had been hypothesized to contain all
three APA protein subfamilies based on existing litera-
ture reports.

Materials and methods

Nuclei isolation

The nuclei were isolated according to a novel procedure,
modified from the method of Kuehl (1964). Plants for
nuclei isolation were kept in the dark 3–5 days to reduce
starch grain content of the cells. Young leaves were flash
frozen in liquid nitrogen and stored at �70�C until
needed. Nuclei isolation buffer (NIB) was prepared with
gum arabic 4%, 10 mM MES, 100 mM sucrose, 10 mM
EGTA, and 2 mM ZnSO4. The pH was adjusted to 6.0
and 1 mM spermine, 4 mM spermidine, 4 mM n-octa-
nol, 0.5% Triton X-100 and 25 mM b-mercaptoethanol
were added after adjusting the pH. Gum arabic was
purified before use using the following procedure. A
25% (w/v) solution was made by dissolving gum arabic
in water overnight. The solution was centrifuged at
20,000g for 1 h to remove solid matter. The supernatant
was collected and the pH adjusted to 4.6. An equal
volume of 95% ethanol was added slowly to the solution
to precipitate the gum arabic. After precipitation, the
gum was allowed to settle overnight and the ethanol
solution was decanted. The gum was redissolved in
water to the original volume and the ethanol precipita-
tion repeated. The precipitate was washed several times
with 95% ethanol, twice with 100% ethanol and twice
with anhydrous ethyl ether. The precipitate was then
dried under vacuum. Twenty grams of leaf tissue were
ground into a fine powder with a mortar and pestle
equilibrated to �70�C. The ground tissue was shaken
gently in 200 ml ice-cold NIB on ice for 20 min on an
orbital shaker. The solution was filtered through four
layers of cheesecloth, then through two layers of Mira-
cloth� into an ice-cold 250 ml centrifuge bottle. The
filtrate was centrifuged for 15 min at 1,000g in a 0�C
swinging bucket rotor. The supernatant was discarded
and the pellet gently resuspended in 50 ml of ice-cold
NIB buffer and transferred to a sterile 50 ml centrifuge
tube. The solution was centrifuged for 10 min at 25g and
the supernatant was carefully transferred to a fresh
centrifuge tube with a serological pipette. The very soft
pellet was discarded. The nuclei were concentrated by
centrifugation for 10 min at 1,000g (1,800 rpm) and the
pellet resuspended in �45 ml of ice-cold NIB buffer
without b-mercaptoethanol or Triton X-100. The cen-
trifugation steps were repeated two or three times with
ice-cold NIB without Triton X-100, b-mercaptoethanol,
and n-octanol (–T–M–O). The final pellet was resus-
pended in 1 ml of ice-cold NIB –T–M–O. The quality of
the nuclei preparation was checked under a microscope
after staining with 1% methyl green/1% acetic acid stain
(1 ll of stain/5 ll of nuclei preparation). The nuclei
suspension was warmed to 50�C for one min and mixed
with an equal volume of melted, 50�C, 1.5% agarose in
10 mM MES 500 mM sucrose, 50 mM EDTA pH 6.0.
The solution was drawn into a 3 ml syringe and stored at
4�C until solidified. The top of the syringe was cut off
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and the gel sliced into plugs of �100 ll sections using
the graduation markings on the syringe as a guide. The
plugs were incubated for 1 h in 30 ml EPS (0.5 M
EDTA, 1% sarcosine pH 9.6) with proteinase K (�20 l/
ml) followed by incubation for 48–72 h at 50�C with
shaking with two changes of EPS and proteinase K. The
plugs were then washed for 1 h with 1 · TE then washed
three times for 1 h each with TE with 1 mM PMSF
followed by three 1-h washes with TE without PMSF.
Plugs were stored in TE at 4�C for use within 6 months.
The plugs were washed with 0.5 · TE overnight before
use. The quality of the DNA was checked by pulsed field
gel electrophoresis (PFGE) using a 1% agarose gel in
0.5· TBE with a 1–40 s switch time at 6 V/cm for 20 h at
12�C.

BAC libraries

The BAC libraries were developed using the method of
Peterson et al. (2000), with the following modifications.
The agarose plugs were chopped into small fragments
with a razor blade and subjected to partial digestion
with HindIII as described, followed by two rounds of
size selection. The first size selection was performed with
a 0.5 s pulse for 2 h followed by a ramp of 1–40 s for
22 h. The second size selection was a 3–5 s ramp for
24 h. These changes were introduced to allow more time
for smaller fragments to migrate further away from the
larger fragments of interest. Finally, 20 g/ml BSA was
added to the electroelution buffer to block potential
non-specific binding sites on the dialysis tubing. The
DNA was eluted from the agarose slices for 45 min at
6 V/cm at 4�C followed by reversing the current for
1 min. The DNA was recovered from the dialysis tubes
with a wide bore pipet and use directly for ligation. The
high molecular weight DNA was ligated into pIndigo-
BAC cut with Hind III (Epicentre, Madison WI) with a
w/w ratio of 10:1 DNA to vector, in 100 ll volumes with
a total of 100 ng DNA and 400 NEB units of T4 Ligase
(New England Biolabs, Ipswich, MA) in the supplied
buffer at 14�C overnight. The ligation solutions were
dialyzed against 0.2· TE buffer for 2–4 h using drop
dialysis on 0.025 lm VSWP membranes (Millipore
Corp., Bedford, MA). The dialyzed ligations were stored
on ice until use. The 2 ll of the ligation were electro-
porated into 15 ll of DH10B� ElectroMax cells (Invi-
trogen, Carlsbad, CA) and plated on LB media
containing 12.5 lg/ml chloramphenicol, 25 lM IPTG
and 25 lg/ml X-Gal. The plates were incubated at 37�C
for 18–24 h and then stored at 4�C. Individual clones
were picked into 384-well microtiter plates and repli-
cated using a Q-bot robot (Genetix) in the Genomics
Facility of the College of Agricultural and Environ-
mental Sciences at UC Davis. High-density filters were
printed in a 4·4 CUGI (Clemson University Genomics
Institute) standard pattern and hybridized with 33P-la-
beled probes. BAC plasmid DNA was isolated by the
double acetate method (http://www.genome.ou.edu/

BAC_isoln_200ml_ culture.html). BAC ends were se-
quenced using the ABI Big Dye sequencing method by
the sequencing facility in the Division of Biological
Sciences at UC Davis. Filters were hybridized with
chloroplast DNA clones to assess the number of inserts
comprised of chloroplast DNA. Three clones were
picked at random from each plate (approximately 400
clones or 0.8% of each library) and used to assess the
average insert size. Clone insert size was determined by
digestion with NotI followed by PFGE using a CHEFII
apparatus and a 1% agarose gel in 0.5· TBE at 12�C
with a 1–30 s switch time ramped over 14 h at 6 V/cm.

To identify APA-containing clones in the libraries, a
probe was generated from PCR-amplified members of
the APA family. Conserved regions, identified at the 5¢
and 3¢ regions of members of the APA family, were used
to design a pair of APA primers (upstream, forward
primer: 5¢ ATGGCTTCCTCCAACTT; downstream,
reverse primer: 5¢ CAGAGGATGTTGTTGAGG) with
cycle conditions of 95�C (2 min), followed by 92�C
(30 s), 45�C (30 s), 72�C (30 s) for 35 cycles then 72�C
(5 min). The bands between 750 and 900 bp were cut out
of a 1.5% agarose gel, purified and labeled with 33P
using the random primer method (Feinberg and Vogel-
stein 1983, 1984). The labeled probe was used without
further purification. Filters were hybridized for 16–24 h
at 65�C in 7.5% SDS, 5· SSPE and washed three times
with 2· SSC, 0.1% SDS at 65�C. X-ray film was exposed
to the membranes for 24–72 h at �80�C. Putative po-
sitive clones were checked by PCR using the APA
primers and Southern hybridization using PCR-gener-
ated fragments as a probe. Probes for the phaseolin lo-
cus were prepared from PCR fragments around the
15 bp duplication region as described (Kami et al. 1995).

Sequence analysis of an APA BAC clone

Sequencing of an APA gene family-containing BAC
clone (71F18) from accession G02771, selected as de-
scribed in the Results section, was performed to an
average redundancy of 4–5· at the Purdue University
Genomics Core Facility (Dubcovsky et al. 2001). Sub-
clone sequences were assembled using the PHRED/
PHRAP/CONSED package (http://www.phrap.org;
Ewing et al. 1998; Ewing and Green 1998; Gordon et al.
1998). Finishing of the gaps was performed as recom-
mended by the Autofinish function of CONSED. The
final assembly was compared to restriction digests of the
clone insert to verify the order and size of the contigs.
The sequence of BAC clone 71F18 was then screened for
open reading frames with GeneScan (http://www.ge-
nes.mit.edu/GENSCAN.html), TwinScan (http://
www.genes.cs.wustl.edu/), and FGENESH (http://
www.softberry.com/; trained with Nicotiana tabacum,
Medicago truncatula, Dicot or Monocot). For the pur-
pose of this analysis, each application of the FGENESH
program trained with one of the three types of sequence
data was considered as a different program. Regions
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that were identified by three or more programs were
subjected to BLAST searches of both the nucleotide and
translated protein sequences. Those regions that were
identified by three or more programs but did not have a
significant BLAST result, were labeled as hypothetical
proteins. Sequences that had an e value greater than e�20

in BAC 71F18 were identified by the named sequence
with the highest e value in GenBank. Putative coding
regions were compared to Genbank using BLAST and
potential matches aligned with BioEdit and ClustalW. A
phylogenetic tree of APA DNA sequences was con-
structed with BioEdit using the neighbor-joining method
of Saitou and Nei (1987) and the UPGMA clustering
algorithm. Bootstrap values were calculated with
PAUP* (Version 4.0 b10 for 32 bit windows, http://
www.lms.si.edu/ PAUP). The sequence of BAC clone
71F18 has been deposited with GenBank (DQ323045).

Results

BAC library construction

Hybridization of genomic DNA digested with several
restriction enzymes with a probe made from a gel-puri-
fied PCR product of the APA genes showed a single,
major band of approximately 170 Kbp when digested
with NruI (Fig. 1). The size of the band represents an

upper limit for the size of the APA locus. This obser-
vation also indicated that the entire locus might be
contained in one or at most two BAC clones. BAC li-
braries were therefore developed for each of four geno-
types: BAT93 (domesticated Mesoamerican breeding
line of P. vulgaris); G02771 (Gentry22274, PI318702;
wild Mesoamerican accession of P. vulgaris); G21245
(DGD1962; wild, ancestral accession of P. vulgaris from
northern Peru; Kami et al. 1995); and cv. Henderson
(domesticated Mesoamerican cultivar of P. lunatus;
Gutiérrez Salgado et al. 1995). These four accessions
were hypothesized to harbor a different complement of
the three subfamilies of APA based on the distribution
of the corresponding proteins (Table 1). Henderson was
included as an outgroup containing only phytohae-
magglutinins (PHA+; aAI�; ARL�). The three other
accessions contain aAI, in addition to PHA, but they
differ by the presence of ARL: G21245 and BAT93 are
PHA+; aAI+; ARL� whereas G02771 is PHA+; aAI+;
ARL+.

Isolation of high quality nuclei from beans using
sucrose-based isolation media yielded inconsistent re-
sults in our hands, so a novel isolation method based on
gum arabic (Kuehl 1964) was developed. The low pH
(6.0) of this new extraction method, compared to the 9.4
pH of other methods (Zhang et al. 1995), did not seem to
affect the isolation of nuclei from Phaseolus. This media,
in combination with the differential centrifugation pro-
tocol, yielded large quantities of intact nuclei with a very
low level of chloroplast contamination (as determined
by light microscopy observation). This media worked
well with all accessions of Phaseolus spp. tested, as well
as cotton (data not shown). Under microscope exami-
nation, the nuclei appear round, intact and relatively
undamaged. Although sometimes significant cell wall
debris were observed, they did not appear to have any
effect on subsequent procedures. DNA prepared from
nuclei isolated using this procedure was of very high

Fig. 1 Estimation of the size of the APA locus by digestion of
genomic DNA of P. vulgaris with rare-cutting restriction enzymes
and agarose electrophoresis. Left-most lane molecular weight
markers. Note that the NruI digest gives the smallest single
fragment of approximately 170 Kbp

Table 1 Putative phylogenetic distribution of members of the APA
protein gene family

Taxonomic level/Gene pool Lectin (PHA)a aAIb Arcelin

Subfamily Papilionoidea + � �
Genus Phaseolus + �c �
P. vulgaris complexd + + �e

P. vulgaris Andean + + �
Mesoamerican + + +/�f

a Pusztai (1991)
b As defined by inhibition of porcine pancreas or Tenebrio molitor
a-amylase inhibitory activity and immunological cross-reactivity
with aAI of P. vulgaris (Pueyo and Delgado-Salinas 1997)
c Two wild species may have cross-reactive polypeptides without
detectable activity: P. microcarpus, P. hintonii (Pueyo and Delgado-
Salinas 1997)
d P. vulgaris, P. polyanthus, P. coccineus, and P. acutifolius
e P. acutifolius may have arcelin-like proteins but their activity is
unknown (Mirkov et al. 1994)
f Only a few wild P. vulgaris accessions from Mesoamerica have
arcelin proteins
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molecular weight with a minimal amount of degradation
and was easily digested by restriction enzymes.

The changes made to the protocol of Peterson et al.
(2000) allowed us to improve the quality of the BAC
libraries. In order to reduce the amount of smaller
molecular weight DNA fragments following partial
digestion, the PFGE run times were increased to allow
more time for the small fragments to be resolved from
the larger fragments. The result was, generally, a more
narrow distribution of insert sizes in the final library
with fewer undersized (defined as <75% of average
clone size) clones (data not shown). The four libraries
developed here had average insert sizes ranging between
105 and 139 kbp. The frequency of empty clones was
below 0.5% for the four libraries and of cpDNA se-
quences-containing clones between 0.04 and 1.2%. The
genome coverage was 8.7·, 12.1·, and 9.5· for the
G21245, G02771, and Henderson libraries, respectively.
For the BAT93 library, coverage was increased to 20.8·
to allow for more detailed analyses in the future (Ta-
ble 2).

Selection of APA and phaseolin sequence-containing
BAC clones

An alignment of all P. vulgaris mRNA sequences in
GenBank for a-amylase inhibitor, arcelin and phyto-
haemagglutinin was used to develop PCR primers that
could amplify all known members of the family. Con-
served regions were found at the 5¢ and 3¢ ends of the
aligned sequences, which were used to design PCR
primers (see Materials and methods) and amplify
members of the APA family from the four genotypes
used in the construction of the libraries. The PCR
fragments were gel-purified and used as probes for
screening the BAC libraries. The number of positive
signals for each library is shown in Table 2. There was a
relatively good agreement between the number of posi-
tive clones and the number of genomes in each library,
with the exception of the G02771 library. G02771 is part
of a group of wild Mesoamerican beans in which the
most recent duplication and expansion of the APA
family is thought to have occurred, namely the one
generating the arcelin subfamily. To further investigate
the APA gene content in G02771, clone 71F18 from the
G02771 library was selected for complete sequencing

because it was one of the larger-sized clones among the
positive clones isolated. The 71F18 clone encompasses
the APA locus on linkage group B4 based on the fol-
lowing evidence. Firstly, the only locus comprising all
three subfamilies of the APA family is the APA locus
(Osborn et al. 1986, 1988; Nodari et al. 1993). Secondly,
probes derived from the sequenced BAC ends hybridized
to clones that did not contain any detectable APA se-
quences, either through PCR or by direct hybridization.
This suggested that the APA locus was contained en-
tirely within this particular clone.

Phaseolin is the major seed storage protein of com-
mon bean. It is encoded by a single locus on linkage
group B7 (Freyre et al. 1998). Reconstruction experi-
ments show that this locus harbors an estimated six to
nine sequences (Talbot et al. 1984). Thus, structurally
and functionally, phaseolin provides an interesting
comparison with APA. As in the case of the APA locus,
there was generally a good agreement between the cal-
culated number of genome equivalents and the number
of putative positive clones (Table 2).

APA sequence analysis of BAC clone 71F18

Analysis of the sequence of the G02771 71F18 BAC
clone revealed six regions with similarity to APA se-
quences (Fig. 2) These regions were designated APA-1
to APA-6 based on their consecutive (5¢ fi 3¢) location
in the BAC clone (Fig. 3). A tBLASTn search showed
that each of these individual sequences most closely
resembled one of the previously identified APA sequence
subfamilies (Table 3). Thus, at least one representative
of each of the major APA gene subfamilies is present in
G02771, as predicted. To determine the evolutionary
relationships between APA sequences identified in the
71F18 ABC clone, sequence fragments extending from
500 bp upstream of the putative ATG start site to
500 bp downstream of the putative polyadenylation site
were used to construct a neighbor-joining tree (Fig. 4).
The individual genes, grouped by similarity, fall into the
following categories; APA-1 and APA-2 are most simi-
lar to the arcelin subfamily, APA-3, APA-4 and APA-5
are most similar to the phytohemagglutinin subfamily;
and APA-6 is closest to the a-amylase inhibitor/inhibi-
tor-like subfamily. All of the genes are potentially
functional with the exception of the APA-1 gene. This

Table 2 Characteristics of BAC
libraries produced in this
project

ND not determined

Library Clones (#) Size (kbp) Genome
equivalents

Empties (%) Chloro-
plast

APA (#) Phaseolin (#)

# %

P. vulgaris
BAT93 110,592 125 20.8 <0.5 50 0.05 16 13
G21245 55,296 105 8.7 <0.5 200 0.4 10 11
G02771 55,296 139 12.1 <0.5 49 0.08 38 14
P. lunatus
Henderson 55,296 �110 9.5 ND 645 1.2 ND ND
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member of the arcelin group has a deletion at the 5¢ start
site of the gene. The deletion results in the loss of the
start codon and the first 14 amino acids, which includes
the signal peptide region. However, there is an in-frame
ATG codon immediately upstream of the deletion;
therefore, although this sequence might be a pseudo-
gene, this designation should be confirmed as should the
expression of the other APA sequences identified in this
BAC clone. The sequence similarity between members of
the APA family (Table 4) supports the hypothesis that
the gene family arose through gene duplication and
divergence.

In addition to the full length APA genes, several
other regions of interest were found in the clone (Ta-
ble 5). There is a small, 51 amino acid sequence that
appears to be a truncated arcelin gene. Although the first
51 amino acids show a 58% identity to an arcelin gene,

there is an early stop codon and the remaining down-
stream sequences fail to demonstrate a significant iden-
tity to any of the APA genes either at the nucleotide or
at the amino acid level. Thus, if this is a pseudogene, it
has undergone extensive mutation or rearrangement.

A number of fragments of different sizes were found
that have sequence similarity with retrotransposons.
These fragments range from short coding regions that
appear to encode truncated portions of the Gag-Pol
polyprotein to the largest fragment of 914 amino acids
that includes both the reverse transcriptase and the
Rnase H domains. Interestingly, this sequence similarity
is only recognizable at the amino acid level as the
nucleotide sequence failed to yield any significant mat-
ches in GenBank. It is also interesting to note that the
three major APA groups are separated by retrotrans-
poson elements or fragments.

Fig. 2 Protein sequence
alignment of the six APA
sequences identified in P.
vulgaris G02771 BAC clone
71F18
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Other sequences in BAC clone 71F18

One of the more significant regions is the apparent
presence of a plastid DNA region. This region spans
approximately 8,100 bp with �95% sequence identity to
published sequences for the soybean, Arabidopsis and
rice chloroplast genomes (Table 5). The sequences cor-
respond to the soybean chloroplast DNA for rps12,
rps7, 16S rRNA, tRNA-Val, NADH dehydrogenase
and ORF 143. BLAST searches with this region mat-
ched the same nuclear-encoded plastid region as found
in the Arabidopsis and rice genomes as well as genomic
elements in Lotus japonicus (data not shown). Although
there are some gaps between the nuclear-encoded plastid
sequences and those from the chloroplast genome, the
relative gene order is maintained. The high degree of
sequence similarity of this plastid fragment to known
chloroplast sequences implies that this is a recent inser-

tion (Noutsos et al. 2005). Indeed, the overall degree of
sequence conservation (Table 5) is higher between the
plastid insertion and the chloroplast genome, about 90%
at the nucleotide level, than between the APA genes
themselves (Table 4).

Another coding region of interest includes a putative
dehydrin gene. In cowpea [Vigna unguiculata (L) Walp.],
this gene is expressed under dehydration stress condi-
tions and is implicated in drought tolerance as well as
freezing tolerance during emergence (Ismail et al. 1999;
Hall 2004). The dehydrin gene of cowpea and the APA
region of P. vulgaris are both linked to the same P.
vulgaris RFLP marker D1711a on linkage groups 2 and
B4 of cowpea and common bean, respectively (Nodari
et al. 1993; Ouédraogo et al. 2002). A region with se-
quence similarity to a protein phosphorylase 2 A (PP2A)
regulatory subunit was found downstream of the APA
gene cluster. This gene shows 90% amino acid identity

Fig. 3 Schematic of the distribution of putative genes identified in P. vulgaris G02771 BAC clone 71F18

Table 3 Results of a tBLASTn sequence similarity search of GenBank for each of the APA sequences identified in G02771 BAC clone
71F18

71F18 sequence Most similar sequence in Genbank

Identifier Gene e value

APA-1 AF255723 P. vulgaris ARL5-IV pseudogene 0.0 (DNA)
APA-2 AF193029 P. vulgaris arcelin 5c 0.0 (DNA)
APA-3 PVU439715 P. vulgaris G12849 lec4-B17 gene 0.0 (Peptide)
APA-4 PVU439714 P. vulgaris G24591 PHA-E gene 0.0 (Peptide)
APA-5 U10349 P. vulgaris G02771 Arcelin 5 phytohemagglutinin 0.0 (Peptide)
APA-6 D49828 P. vulgaris Ofuku-5 mRNA for a-amylase inhibitor-like protein 0.0 (Peptide)
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to a sequence from Medicago sativa (Toth et al. 2000).
The PP2A gene family has been implicated in the regu-
lation and control of a number of critical cellular func-
tions such as cell cycle control and cellular morphology
and development. Although the precise function of this
regulatory subunit is not known at this time, other PP2A
regulatory subunits have been shown to be involved in
signal transduction cascades. An additional coding re-
gion of interest is PGR-24. Analysis of the peptide en-
coded by this sequence revealed both a SWIRM domain
(for SWI3p, Rsc8p, and Moira; Aravind and Lyer 2002)
and an amino oxidase domain. This peptide shows a
strong sequence similarity to the Flowering Locus D
gene from Arabidopsis with 54% identity at the amino
acid level. In Arabidopsis, this gene has been implicated
in the control of flowering through chromatin remod-
eling by histone acetylation (He et al. 2003).

Discussion

The four libraries developed here are of high quality
especially with regard to the large insert size and the very
low frequency of empty and chloroplast DNA clones
(Table 2). Phylogenetically, they complement two
existing BAC libraries developed in Andean bean
genotypes (cv. Sprite; Vanhouten and Mackenzie 1999)
and G19833 (M. Blair, personal communication) and a
BAC library developed in another Mesoamerican wild
bean (G12946), which also contains arcelin (F. Sparvoli,
personal communication). The development of seven
phylogenetically arrayed BAC libraries in Phaseolus spp.

represents a first among crop plants to our knowledge.
These seven BAC libraries will provide an important
tool to follow the evolution at the structural level of
complex loci such as the APA and phaseolin loci, as well
as disease resistance gene clusters such as the B4 disease
resistance gene cluster, which includes resistance speci-
ficities against anthracnose [Colletotrichum lindemuthia-
num (Sacc. & Magn.) Briosi & Cav.] and rust [Uromyces
appendiculatus (Pers.) Unger] (Geffroy et al. 2000; Kelly
et al. 2003; Ferrier-Cana et al. 2005), and the I resistance
gene cluster on linkage group B2 (Vallejos et al. 2004).
The size of the APA and phaseolin loci (of the order of
50–200 kbp; present data and Llaca et al. 1996) requires
large-insert libraries such as BAC libraries to include the
entire locus in one to a few inserts. Our prior experience
with the phaseolin locus showed that restriction diges-
tion mapping has resolution limitations due to the
duplicative nature of the loci resulting in multiple frag-
ments with the same size (Llaca et al. 1996). Hence, large
clone inserts that span loci are highly desirable to fully
ascertain locus structure. BAC clones or contigs are also
potentially useful to isolate marker sequences at known
physical distances to determine local levels of linkage
disequilibrium, for example, around domestication
genes, which have been mapped in common bean (Ko-
inange et al. 1996). In addition, the coverage of the
BAT93 library was increased to double that of the other
libraries (Table 2) as a first step towards the develop-
ment of physical map and sequencing of the bean gen-
ome, in line with recent recommendations of the
Phaseomics Initiative (Broughton et al. 2003) and the
conference on Cross-legume Advances Through Ge-
nomics (Gepts et al. 2005). Further progress is needed in
the sequencing of other legumes, such as soybean and
Medicago truncatula, to examine microsynteny with
these species (Young et al. 2005).

The order and sequence similarity of the members of
the APA gene family in the 71F18 sequence supports our
original supposition that the G02771 accession contains
all three subfamilies. Because the lectin and lectin-like
sequences are linked and show a high degree of sequence
similarity (50–80% at the amino acid level), they are
believed to have arisen by successive duplications of an
ancestral gene (Osborn et al. 1986; Chrispeels and
Raikhel 1991; Mirkov et al. 1994; Lioi et al. 2003). The
proposed order of expansion of the gene family appears

Fig. 4 Neighbor-joining tree of APA sequence diversity contained
in BAC clone 71F18 isolated from P. vulgaris G02771. Values at
nodes bootstrap values. AAI a-amylase inhibitor; ARL arcelin;
PHA phytohaemagglutinin

Table 4 Sequence identity (%) between members of the APA
family

Nucleotide

APA-1 APA-2 APA-3 APA-4 APA-5 APA-6

Peptide APA-1 – 73 60 60 62 67
APA-2 42 – 71 72 72 75
APA-3 29 28 – 90 92 74
APA-4 27 28 63 – 93 74
APA-5 30 31 71 74 – 74
APA-6 38 36 35 32 32 –
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to be a duplication from the phytohaemagglutinin core
genes to generate the amylase inhibitor gene in one
direction, followed by a more recent duplication in the
other direction to form one of the arcelin genes. In
addition to these primary duplications, there appears to
be a series of more recent duplications of the arcelin gene
to two members and of the phytohaemagglutinin genes
to add either one or two additional members to this gene
sub-family as suggested by the neighbor-joining tree
(Fig. 2). Based on the distribution of the three gene
subfamilies and their protein products among Phaseolus
species, as currently inferred from surveys (summarized
in Table 1), we hypothesized the following evolutionary
scenario for this multigene family in the genus Phaseo-
lus. The ancestral sequences of the APA multigene
family are those coding for lectin proteins, which are
distributed throughout the legume family and therefore
preexisted the genus Phaseolus. After appearance of the
genus Phaseolus, the aAI subfamily originated, imme-
diately prior or during the divergence of the P. vulgaris
complex as defined by Delgado-Salinas et al. (1999).
Thus, P. vulgaris, P. coccineus, P. dumosus (previously P.
polyanthus), and P. acutifolius have active aAI proteins
in their seeds (Pueyo and Delgado-Salinas 1997) in
addition to lectins. The relatedness of these species as
indicated by the presence of active aAI proteins is con-
sistent with other systematic data (Freytag and Debouck
2002; Llaca et al. 1994; Delgado-Salinas et al. 1999). The
arcelin subfamily originated presumably after dispersal
of the wild progenitor of P. vulgaris from what is now
Ecuador and northern Peru into Mexico (Kami et al.
1995) as arcelin proteins have been found only among
some wild populations of P. vulgaris in Mexico and not
in other wild or domesticated accessions of the species
either in Mexico or in the Andes, the two centers of
domestication of the crop (Romero-Andreas et al. 1986;
Osborn et al. 1988).

The APA multigene family therefore presents an
interesting case of a rapidly diversifying gene family.
Nevertheless, the processes underlying this diversifica-
tion are not well understood, specifically with regard to
the role of unequal crossing-over and functional diver-
sification. Based on studies of individual members of the
APA family, it appear that no single gene product is
sufficient in providing complete protection against insect
and mammalian predation. However, by duplication
and divergence, the APA family has evolved multiple
functionalities that complement each other. Small
changes in the tertiary structure of the protein would
allow the plant to affect multiple targets in a predator’s
digestive system (e.g., Santimone et al. 2004). This evo-
lutionary strategy not only expands the number of
potentially susceptible predators, but greatly reduces the
rate at which a predator might evolve tolerance to this
form of defense by requiring the predator to undergo
several different rounds of mutation to develop toler-
ance. The unique genealogical structure of common
bean, with an extant ancestor giving rise to two geo-
graphically distinct evolutionary lineages (Andean vs.

Mesoamerica; Gepts 1998), each of which was domes-
ticated provides an excellent model to examine the effect
of differential selection pressures in the two lineages.
Furthermore, the evolution of the APA locus can be
contrasted with that of other complex loci in common
bean and other species, such as disease resistance gene
clusters (e.g., Melotto et al. 2004).
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