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Abstract The APA  (Arcelin/Phytohemagglutinin/
o-Amylase inhibitor) gene family is composed of various
members, present in Phaseolus species and coding for lec-
tin and lectin-related seed proteins having the double role
of storage and defense proteins. Here members of the APA
family have been identified by immunological, functional,
and molecular analyses and representative genes were
sequenced in nine wild species of Phaseolus. All taxa pos-
sessed at least one member of the true lectin gene. No arc-
elin type sequences have been isolated from the species
examined. Among the wild species studied, only P. costar-
icensis contained an a-amylase inhibitor (a-Al). In addition
P. augusti, P. maculatus, P. microcarpus, and P. oligosper-
mus showed the presence of the lectin-related a-amylase
inhibitor-like (AIL) genes and o-Al activity. Data from
Southern blot analysis indicated the presence of only one
lectin gene in P. parvulus and P. filiformis, while an exten-
sive gene duplication of the APA locus was found in the
other Phaseolus species. Phylogenetic analysis carried out
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on the nucleotide sequences showed the existence of two
main clusters and clearly indicated that lectin-related genes
originated from a paralogous duplication event preceding
the development of the ancestor to the Phaseolus genus.
The finding of detectable a-Al activity in species containing
AIL genes suggests that exploiting APA genes variability in
the Phaseolus genus may represent a valuable tool to find
new members that may have acquired insecticidal activities.

Introduction

Seeds of species belonging to the Phaseolus genus contain,
in addition to the well-known sugar-binding lectin phytohe-
magglutinin (PHA), other related proteins that show
sequence homology to the true lectins but have lost the
capability to bind carbohydrates, or may have retained only
a weak binding activity (Pueyo and Delgado-Salinas 1997).
They are referred to as lectin-related proteins and include a
small group of proteins termed arcelins (ARC) or arcelin-
like (ARL), when present in species different from common
bean (P. vulgaris L.), and o-amylase inhibitors (a-Al) or
o-amylase inhibitor-like (AIL), according to their biological
activity or inactivity, respectively (Lioi et al. 2003).

The major interest towards these proteins is that, beside
being storage proteins, that account for up to about 50% of
total seed proteins, they are recognised agents for seed pro-
tection, particularly against the attacks of insect larvae
(Sharon and Lis 1990; Chrispeels and Raikhel 1991). Func-
tionally, PHA, the common bean lectin so called for its
property to agglutinate blood cells, binds to glycans in the
intestinal epithelium of mammals and insects, while arce-
lins are poorly digestible and may cause an alteration of
insect gut structure (Bardocz etal. 1995; Minney et al.
1990; Paes et al. 2000). a-Amylase inhibitor binds to and
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inhibits specific animal and insect az-amylases but has no
effect on those from plants (Franco et al. 2002). The protec-
tive effects of a-Als that have been demonstrated in trans-
genic plants also under field conditions, suggest that genes
coding for this type of proteins could be exploited for crop
protection (Chrispeels et al. 1998; Morton et al. 2000).

In P. vulgaris, lectin and lectin-related seed proteins are
encoded at a single locus, the so-called APA (Arcelin/Phy-
tohemagglutinin/a-Amylase inhibitor) locus on linkage
group B4 (Gepts 1999). At the DNA level, genes are
between 732 and 825 bp, share identity above 77% and are
intronless. The differences in functionality among APA
members are mainly derived from sequence variations that
cause structural changes via the elimination of one, two or
three loops in the tertiary protein structure (Rougé et al.
1993, Santimone et al. 2004).

In the evolutionary pathway leading to P. vulgaris, an
extensive evolution of the APA locus has occurred: a lectin
ancestor gene underwent a paralogous duplication event giv-
ing rise to the progenitor of the true lectin and to the progen-
itor of the other lectin-related genes. This latter evolved
generating the gene coding for the biologically active form
of «-Al and, through a second duplication event, the arcelin
genes, found only in some wild accessions (Lioi et al. 2003).
On the contrary, in Lima bean (P. lunatus L.) lectin gene
evolution followed a different pathway. The ancestor lectin
type gene duplicated to yield the lectin gene (LBL, Lima
bean lectin) and the progenitor of ARL genes, that further
evolved into AIL genes: so ARL represents an evolutionary
intermediate form preceding AIL (Sparvoli et al. 2001).

Although most of the species belonging to the Phaseolus
genus contain lectin and lectin-related polypeptides in their
seeds (Schmit and Debouck 1991; Pueyo and Delgado-Sali-
nas 1997), these proteins and their corresponding genes
have been partially characterized only in P. coccineus L.
(runner bean) and P. acutifolius A. Gray (tepary bean), two
other cultivated species of the genus in addition to P. vulga-
ris and P. lunatus (Morgan and Manen 1981; Reynoso-
Camacho et al. 2003; Mirkov et al. 1994; Lioi et al. 2006).
In tepary bean, a complete set of genes comprising PHA,
ARL, AIL, and «-Al has been reported (Mirkov et al. 1994;
Yamada et al. 2005).

No data are available about these APA protein coding
genes in wild Phaseolus species, with the exception of an
AIL sequence from P. maculatus Scheele (Mirkov et al.
1994). Therefore, the study of the presence of these insecti-
cidal proteins in different wild Phaseolus species may lead
to the identification of new factors, potentially active
against different insect pests, that could be used for crop
protection purposes. Moreover, isolation of new APA
genes from different Phaseolus sources would help under-
standing the evolutionary pathway of the APA locus in
Phaseolus species other than common and Lima beans. To

@ Springer

this purpose we looked for lectin and lectin-related genes in
nine wild Phaseolus species. The species were chosen
according to the phylogenetic analysis carried out by
Delgado-Salinas et al. (1999) that showed nine monophyletic
species clades within the Phaseolus lineage, designated as
P. vulgaris (clade 9), P. lunatus (clade 8), P. polystachios
(clade 7), P. leptostachyus (clade 6), P. pauciflorus (clade
5), P. filiformis (clade 4), P. tuerckheimii (clade 3) and
P. pedicellatus (clade 2), and P. microcarpus (clade 1).
Lectin and lectin-related genes amplified by PCR on geno-
mic DNA were cloned, sequenced and then used for a
molecular evolutionary analysis. The evolutionary pathway
followed by the APA genes and the relationships among the
members of this multigene family in the different species,
as well as their relation with the detection of a-amylase
inhibitory activity in the seed extracts, are discussed.

Materials and methods
Plant materials

Phaseolus accessions were kindly provided by CIAT (Cen-
tro Internacional de Agricultura Tropical), Colombia (G
prefix), the National Botanic Garden of Belgium (NI
prefix), and by the IPK (Institute of Plant Genetics and
Crop. Plant Research), Germany (PHA prefix). The list of
wild species used for the analyses and their relative acces-
sion identification codes are reported in Table 1. Seeds
from P. vulgaris cv. Taylor’s Horticultural (Asgrow), and
cultivated forms of P. coccineus (NI16), P. Ilunatus
(PHA8067) morphotype Sieva, and P. acutifolius var.
latifolius G. Freeman (NI558) were used for comparison of
APA proteins and genomic organisation.

Protein extraction, SDS-PAGE and protein blotting

Total seed proteins were extracted from dry seeds by
homogenisation and separated by electrophoresis on an
15% sodium dodecylsulfate-polyacrylamide gel (SDS-
PAGE) as described by Bollini and Chrispeels (1978). Gels
were stained with Coomassie Brilliant Blue R-250 or blot-
ted on a supported nitrocellulose membrane (BIO-RAD).
Immunoblot analysis was performed according to Burnette
(1981) using rabbit antibodies against P. vulgaris a-Al at
1:1000 dilution. Peroxidase-linked anti-rabbit IgG was used
as the secondary antibody.

Assay of a-amylase inhibitory activity
Inhibitory activity against human salivary «-amylase (EC

3.2.1.1; Type IX-A, Sigma) was measured by the increase
of iodine staining after the action of the z-amylase enzyme
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Table 1 List of wild Phaseolus species examined with respective donor code, clone name, EMBL accession numbers of isolated sequences and

o-Al activity against human saliva o-amylase

Principal ~ Clade species® Species Section® Seed Clone name® EMBL o-Al
Clade® donor code! accession no.  activity'
B P. vulgaris former clade 9 P. coccineus L. C Coccinei NI16 Pcoca-Al AJ845976 +++
P. costaricensis B Phaseoli G40604 PcosPHA-L1 AJ844588 +++
Freytag & Debouck PcosPHA-L2 AJ844589
PcosPHA-L3 AJ849452
PcosPHA-L4 AJ849453
PcosPHA-L5*  AJ849454
Pcosa-Al AJ845977
P. lunatus former clade 8 P. augusti Harms Not Present G40606 PauLEC AJ843877 —
PauAIL AJB43876
P. polystachios former clade 7 P. maculatus Scheele O Coriacei NI1237 PmaLEC AJ845972 +
PmaAILl AJB45973
PmaAIL2* AJB45974
PmaAIL3* AJB45975
PmaAIL4 AJ852610
PmaAILS AJ852611
PmaAIL6* AJ854487
PmaAIL7 AJ854488
PmaAIL8* AJB65370
PmaAIL9 AJ865371
PmaAIL10 AJB66973
P. leptostachyus former clade 6  P. leptostachyus Benth. K Falcati NI1036 PleLEC1 AJ844590 —
PleLEC2 AJ844591
P. filiformis former clade 4 P. filiformis Benth. J Rugosi G40513 PALEC AJ844592 _
A P. pauciflourus former clade 5 P, parvulus Greene F Minchelersia ~ NIS00 PpalLEC AJ845971 -
P. tuerckheimii former clade 3 P. oligospermus Piper L Brevilegumeni  G40691 PolLEC1 AJ845195 +
PolLEC2 AJB45196
PolAIL* AJB45194
Undefined former clade 2 P. glabellus Piper C Coccinei (?) G40585 PgILEC AJ844593 —
Undefined former clade 1 P. microcarpus Mart. J Rugosi NI709 PmiLEC AJ845193 +
PmiAIL AJ845192
# Principal clades are defined as described by Delgado-Salinas et al. (2006)
® Clades are defined as described by Delgado-Salinas et al. (1999)
¢ Sections are as described by Freytag and Debouck (2002)
4 Prefixes G and NI refer to CTAT and Botanical Garden of Belgium, respectively
¢ Pseudogenes were marked with asterisk
! +++Inhibitor activity comparable to that of P.vulgaris «-Al-1, + inhibitor activity about 1% of that of P. vulgaris a-Al-1
on soluble starch as described in Altabella and Chrispeels  according to the manufacturer’s instructions. Lectin

(1990). Different volumes (from 5 to 50 pl) of seed extracts
in (diluted from 10 to 400 times) were preincubated with a
fixed amount of enzyme (0.16 U) for 30 min at room tem-
perature in a final volume reaction of 0.250 ml. Then, an
equal volume of 0.15% potato starch solution was added
and after 5 min at room temperature the reaction was
stopped by adding 1 ml of Iodine reagent (Varner and
Mense 1972) and absorbance measured at 620 nm.

Isolation of lectin nucleotide sequences and Southern
hybridisation

Genomic DNA was extracted from leaf tissue using the
“GenFElute Plant Genomic DNA Miniprep Kit” (SIGMA)

sequences were amplified using the degenerate primers P1
and P2 as described by Mirkov et al. (1994). The resulting
PCR products were gel-purified and cloned in pGem-T
(Promega) plasmid. Clones were screened according to the
presence/absence of restriction sites for Afal, Aval, EcoRV,
Pstl. At least ten selected clones were sequenced in both
directions with an automatic sequencer. The nucleotide
sequences obtained are available in the EMBL (European
Molecular Biology Laboratory) Nucleotide Database with
the accession numbers listed in Table 1. Specific primers
for the amplification of a-Al genes, two internal (P3 and
P4) and one at the 5" end (P5), were designed on the basis
of P. vulgaris o-Al-1 sequence as follow: P3: 5" AGG GTT
TGA CAG AGA AAC CGA GAA 3’; P4: 5" ATG AAT

@ Springer



962

Theor Appl Genet (2007) 115:959-970

ATC CGC ACT CAC CGC CAA 3'; P5: 5" ATG GCT
TCC TCC AAG TTA CTC TCC C. The internal primers P3
and P4 were used in combination with P1 (3’ end) and P5
(5" end) terminal primers, respectively. PCR conditions
were as in Mirkov et al. (1994).

For Southern hybridisation, 3 ng of genomic DNA were
digested with the restriction enzyme EcoRlI, size-separated
and transferred onto a nylon membrane. The insert of the
Pv3-36 clone (PHA-E) (Lioi et al. 2003) was labelled with
o-[*?P]-dCTP and used for filter hybridisation as described
in Sparvoli et al. (1996). The filter was washed in 1.5 mM
sodium citrate pH 7.0, 15 mM NaCl, 0.5% SDS (0.5x
SSC), at 65°C.

Sequence comparison and molecular evolution methods

The new lectin and lectin-related nucleotide sequences, in
addition to those from Phaseolus species already present the
EMBL databases, were multialigned according to their corre-
sponding amino acid sequence alignments by using the Clu-
stalW program and hand optimised by SEAVIEW graphic
tool (Galtier et al. 1996). Phylogenetic analysis was carried
out by the MrBayes v3.0b4 program (Huelsenbeck and Ron-
quist 2001) by using the Dayhoff model for protein
sequences, with the invariant site plus Gamma options (four
categories). For Bayesian analysis, one cold and three incre-
mentally heated chains were run for 1,000,000 generations
and trees were sampled every 100 generations. For the analy-
ses of amino acid sequences the results of the initial 200,000
generations were discarded (burnin) after stationarity of the
InL had been reached. The PAUP* 4.04b program was then
used to construct a majority role consensus tree with the
results of the remaining 800,000 generations (8,000 recon-
structed trees), thus allowing the calculation of the Bayesian
posterior probabilities at the different nodes (Swofford 1998).

Results

SDS-PAGE, immunoblot analysis and a¢-amylase
inhibitor activity in wild and cultivated beans

In order to obtain information on the complexity and abun-
dance of lectin and lectin-related polypeptides in seeds of
the different Phaseolus species, an immunological analysis
was performed. Total protein samples from seeds belonging
to the nine wild species examined (Table 1) and samples of
the four major cultivated species, P. vulgaris, P. coccineus,
P. acutifolius, and P. lunatus morphotype Sieva, used for
comparison, were submitted to SDS-PAGE under reducing
conditions and immunologically analysed with polyclonal
antibodies raised against P. vulgaris recombinant o-Al
(Fig. 1a, b).
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Fig. 1 SDS-PAGE and immunoblot analysis of total seed protein ex-
tracts from different Phaseolus species: 1 P. vulgaris (Pv); 2 P. coccin-
eus (Pcoc); 3 P. costaricensis (Pcos); 4 P. acutifolius (Pa); 5 P. lunatus
(Pl); 6 P. augusti (Pau); 7 P. maculatus (Pma); 8 P. leptostachyus
(Ple); 9 P. parvulus (Ppa); 10 P. filiformis (Pfi); 11 P. oligospermus
(Pol); 12 P. glabellus (Pgl); 13 P. microcarpus (Pmi). a Polypeptides
stained with Coomassie Brilliant Blue. b Lectin and lectin-related
polypeptides detected with an antiserum against P. vulgaris recombi-
nant o-Al. Molecular weights (M) are indicated on the left

Several cross-reacting polypeptides were recognised
(Fig. 1b). The antibodies used are able to cross-react with
o-Al as well as with lectin and lectin-related polypeptides,
since these share common epitopes (Ceriotti et al. 1989;
Sparvoli et al. 1998). In protein blot analysis the antiserum
mainly detected polypeptides in the 33—45 kDa range in all
the seed extracts analysed. In particular, in common bean,
the well known E and L subunits of PHA, around 35 kDa,
as well as the o-Al polypeptides, in the 15-18 kDa range,
were well detected (Fig. 1b, lanel) (Vitale et al.1984; San-
tino et al. 1992).

Cross-reacting polypeptides in the range of 31-35 kDa
were found in the cultivated species P. coccineus and P.
acutifolius (Fig. 1b, lanes 2, 4), as well as in wild P. costar-
icensis, P. oligospermus, P. glabellus and P. microcarpus
(Fig. 1b, lanes 3, 11-13). In Lima bean, lectin (LBL) and
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lectin-related AIL and ARL, have been well characterised
and they strongly cross-react with the antiserum in the
range of 34-44 kDa (Fig. 1b, lane 5) (Sparvoli et al. 2001).
Similar patterns were present also in P. augusti, P. macula-
tus and P. leptostachyus in which several strongly reacting
polypeptides were detected (Fig. 1b, lanes 6-8).

Seed extracts from P. parvulus and P. filiformis evi-
denced very faint cross-reacting polypeptides (Fig. 1b,
lanes 9, 10), suggesting that lectin type polypeptides are
poorly represented in their seeds. Indeed, the corresponding
SDS-PAGE pattern (Fig. 1a, lanes 9, 10) showed the pres-
ence of only a pair of major polypeptides, of about
40-50 kDa, that cross-reacted with antibodies against
phaseolin, indicating that they correspond to vicilin storage
proteins (not shown).

Among the APA proteins, «-Al is the only one that has
been reported to undergo a proteolytic cleavage during its
accumulation in the storage compartment. This event gives
rise to a mature and active «-Al made up of subunits of
15-18 kDa (Pueyo et al. 1993). These polypeptides were
detected, besides in P. vulgaris, also in P. coccineus, P.
costaricensis, and in P. acutifolius seeds (Fig. 1b, lanes 1—
4). This last contains slightly larger a-Al polypeptides, as
already shown by Mirkov etal. (1994) and Pueyo and
Delgado-Salinas (1997).

To complement the immunological results, seed extracts
from all the wild and cultivated species above analysed
were also tested for their ability to inhibit human saliva
o-amylase (Table 2). Phaseolus coccineus and P. costaricen-
sis seed extracts showed levels of a-Al activity comparable
to that present in P. vulgaris (cv. Taylor’s). A much lower
activity (about 1% of that measured in P. vulgaris) was
detected in P. acutifolius, P. maculatus, P. oligospermus
and P. microcarpus seed extracts and was comparable to
that measured in P. vulgaris accession G12949 which
contains the a-Al type 2, whose specificity to mammalian
o-amylases is 100 times lower than that against Zabrotes

Table 2 Inhibition activity of Phaseolus species seed extracts on
human saliva a-amylase

Species ul crude % o-Amylase
extract® inhibition
P. vulgaris (cv. Taylor) 0.025 23.41
P. costaricensis 0.025 30.60
P. coccineus 0.25 67.22
P. acutifolius 2.5 15.22
P. maculatus 2.5 20.90
P. oligospermus 2.5 30.52
P. microcarpus 2.5 22.16
P. vulgaris (G12949) 2.5 12.88
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Fig. 2 Southern blot of genomic DNA digested with EcoRlI restriction
enzyme and probed with the insert of Pv3-36 clone (P. vulgaris PHA).
DNA size markers (kb) are indicated on the left. Abbreviations on the
top as reported in Fig. 1

subfasciatus o-amylase (Santino etal. 1993). All the
remaining species listed in Table 1, did not show any inhib-
itory activity, even at extract concentration 100-fold higher
than that of P. vulgaris.

Genomic organisation of the APA locus
in the Phaseolus genus

To define the complexity of the APA locus in the Phaseolus
genus a Southern blot analysis was carried out. Genomic
DNA from all taxa was digested with EcoRI and hybridisa-
tion patterns were obtained using the labelled insert of Pv3-
36 PHA clone as probe (Fig.2). The hybridisation was
performed at low stringency (0.5XSSC) in order to detect all
lectin and lectin-related genes. P. parvulus and P. filiformis
gave very simple hybridisation patterns, with only one
major fragment detected, thus suggesting the presence of
only one lectin type gene (Fig. 2, lanes 9, 10). Two major
hybridising fragments of 17.5 and 5.7 kb were detected in
P. microcarpus (Fig.2, lane 13), while more complex
hybridisation patterns were observed in the other species,
indicating the presence of several genes and suggesting a
more extensive evolutionary process for the APA locus.

Lectin and lectin-like genes isolation

To shed light at the molecular level on the evolution of the
APA gene family in the Phaseolus genus, corresponding
genes were isolated from the nine wild species listed in
Table 1, representative of the nine monophyletic species
clades described by Delgado-Salinas et al. (1999). Several
DNA genomic clones were obtained by PCR with degenerate
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oligonucleotide primers corresponding to the N-terminal
and C-terminal portions of lectin polypeptides (Mirkov
et al. 1994). Clones were screened according to their sizes
and to the presence/absence of cleavage sites for specific
restriction enzymes. This approach resulted in the identifi-
cation of several sequences (Table 1). Clones coding for
lectins were isolated from all species examined. Nucleotide
identities among the different species ranged between 84
and 97%.

A FASTA search of the five different putative lectin
genes isolated from P. costaricensis, against the EMBL
nucleotide database, revealed a high similarity (95%) with
the PHA-L gene of P. coccineus (Lioi et al. 2006). A high
percentage of similarity (98%) also resulted between the
lectin isolated from P. augusti and the LBL genes from
P. lunatus (Sparvoli etal. 1998, 2001). In both P. lep-
tostachyus and P. oligospermus, the co-presence of two
types of lectin sequences was found (Table 1).

Besides lectins, lectin-related clones, classified as AIL
(a-amylase inhibitor-like) on the basis of their similarity
with previously reported sequences, were identified in four
of the nine wild species examined, P. augusti, P. macula-
tus, P. microcarpus, and P. oligospermus (Table 1). The
highest number of sequences coding for AIL proteins was
present in P. maculatus, where ten different clones were
isolated. Four of them turned out to be pseudogenes with a
stop codon present in their sequences, while the other six
presumably code for functional proteins. Also in P. oligo-
spermus the AIL gene found is probably not functional, in
fact the loss of two nucleotides (after nucleotide 304) gives
rise to a shift in the open reading frame that produces a
shorter polypeptide of 181 amino acids.

The multiple alignment of the deduced amino acid
sequences of the presumed functional lectin and lectin-
related ones (Electronic supplementary material) shows
that residues important for sugar binding were strictly con-
served (Sharon and Lis 1990; Loris et al. 1998) except for
P. filiformis and P. parvulus, where the Gly'** was substi-
tuted by Pro and Ala, respectively. Most lectins possess two
putative glycosylation sites along their sequence, however,
this number was higher in AILs, with two AIL forms of
P. maculatus (PmaAIL7 and PmaAIL10) having up to seven
glycosylation sites. All the AIL genes present a specific and
conserved deletion, defined GAP1 by Finardi-Filho et al.
(1996), and only P. augusti AIL also showed GAP3, typi-
cally found in ARL and ARC genes (Sparvoli et al. 1998,
2001).

Using P1 and P2 primers, no «-Al genes were identified
in any species, even in those, like P. coccineus and P. cos-
taricensis, where o-Al was expected since a-Al polypep-
tides were immunodetected. Therefore, specific internal
primers P3 and P4, coupled to the P1 (3" end) or P5 (5’ end)
terminal primers, were used to identify o-Al genes. In this
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way, a complete a-Al gene was isolated from P. coccineus
and P. costaricensis, while no amplification product was
detected in all the other taxa examined.

The o-Al genes from P. coccineus and P. costaricensis
were very similar to each other and to P. vulgaris o-Al-1
(99% identity), while a lower level of identity (89%) was
shared with P. vulgaris o-Al-2. The deduced amino acid
sequence of P. coccineus a-Al differed by only one amino
acid residue from the complete peptide sequence of o and f3
subunits determined by Sawada et al. (2002) and by four
amino acid residues from that determined by de Azevedo
Pereira et al. (2006).

Evolutionary analysis

The Bayesian method, at deduced amino acid sequences
from lectin and lectin-related genes isolated of wild Phase-
olus, was used to construct a phylogenetic tree (Fig. 3). The
soybean lectin gene (gene bank accession no. KO0821) was
used as an outgroup for inferring relationships within gene
families and among Phaseolus species.

Our analyses showed that lectin and lectin-related genes
can be divided into two main clusters. This indicates that a
paralogous duplication event, that occurred during the evo-
lution of the Phaseolus ancestor before speciation events,
separated the precursor of lectin genes from a precursor
common to the other lectin-related genes of AIL, ARC,
ARL and o-Al types.

In the cluster that grouped all the true lectins, a statistically
significant node supported the separation of the P. vulgaris
subcluster (called clade 9 by Delgado-Salinas et al. (1999)
and comprising P. vulgaris, P. coccineus, P. costaricensis
and P. acutifolius) from the other subcluster grouping lec-
tins of the other Phaseolus species (Fig.3 lower part).
These appeared to be much closer to the soybean lectin
used as an outgroup than to the lectins of the P. vulgaris
group. Three subclusters were clearly detected in the P. vul-
garis group. The more ancient was the one containing
P. vulgaris lectins [PvLEC(3) and PvLEC(4)], then a dupli-
cation event occurred producing the actual PHA-E and
PHA-L genes that are found in P. vulgaris as well as in the
other species belonging to this group: P. coccineus, P. cos-
taricensis and P. acutifolius. This clustering suggests that
the diversification between PHA-L and PHA-E occurred
before speciation for these closely related species. In addi-
tion, among the PHA genes the one of P. acutifolius
(PaPHA) seems to be the most distant from the other ones.

The second subcluster grouped the lectins of other wild
Phaseolus species and cultivated P. lunatus. Three groups
were present in this second subcluster: one group contained
the lectins of P. glabellus (PgILEC) and P. oligospermus
(PolLEC1), species belonging respectively to Phaseolus
clades 2 and 3 (see Table 1) (Fig. 3, lower part, cluster L1).
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A second group contained lectins of Phaseolus species
from clades 1, 3, 4, 5 and 6 and the third group contained
lectins from Phaseolus species of clades 6, 7 and 8 (Fig. 3,
lower part, clusters L2 and L3, respectively). In this case
the P. augustii lectin (PauLEC) was found closer to the
Mesoamerican lectins of P. lunatus (PILBLS and PILBL6)
than to the Andean ones (PILBL 3 and PILBL 4).

The distribution of wild Phaseolus species lectins in
three subgroups suggests that an ancestral lectin, to which

PolLECI and PglLEC are closer, had undergone two dupli-
cation events generating the group of lectins PAALEC, Ppa-
LEC, PolLEC2, PmiLEC and PleLEC2 and the second
group of lectins PmaLLEC, PIeLEC1 and the lectins of the
species of clade 8.

The second main cluster, representing a distinct group,
was the one comprising lectin-related sequences. These
were subdivided in several clear-cut subclusters (Fig. 3
upper part). The genes of P. coccineus (Pcoco-Al) and
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P. costaricensis (Pcoso-Al), coding for biologically active
o-Al, were grouped together with sequences coding for a-Al
of type 1 isolated from cultivated P. vulgaris (Pvo-AIl(I)
and Pva-All) (Fig. 3, upper part, cluster LR1). Conversely,
the genes of P. acutifolius coding for active «Als behaved
differently: the Pao-Al2 type gene, isolated both by Mirkov
etal. (1994) and Yamada et al. (2005), grouped together
with the a-AI2 type found in wild Mesoamerican P. vulga-
ris accessions rich in arcelin, (Fig. 3, upper part, cluster
LR1), while the Pao-All, a new type of z-amylase inhibitor
not activated by proteolitic processing, was quite distant
from the other lectin-related genes. Indeed, Yamada et al.
(2005) reported that this gene is more related to the lectins.

Sequences named AIL were subdivided in two well defi-
ned subclusters. One was that comprising the AIL/ARL
genes of P. lunatus (PIAIL1, PIAIL2, PIAIL3, PIARLI,
PIARL?2) and the AIL of P. augusti (PauAIL) (Fig. 3, upper
part, cluster LR2). As observed for the lectin genes of this
subgroup, the lectin-related sequences evolved together and
the P. augusti sequence was closer to the Andean counter-
part of P. lunatus.

The second subcluster grouped AIL sequences of
P. maculatus, P. oligospermus, P. microcarpus and P. vulga-
ris (Fig. 3 upper part, cluster LR3). All the AIL sequences
isolated from P. maculatus were grouped together, indicat-
ing that they share a common ancestor that underwent suc-
cessive duplication and diversification processes, while
PolAIL(ps) and PmiAIL were quite similar and close to
PvAILs. It is interesting that the two subclusters of AIL
sequences (LR3 and LR1) are quite distant from each other,
suggesting they originated from different duplication events
or that in the P. lunatus group a different evolutionary force
acted on lectin related genes.

The last and well-defined subgroup of lectin-related
genes was the one that grouped all the P. vulgaris arcelin
genes together with two lectin-related genes of P. acutifo-
lius.

Discussion

Many seeds contain plant defence proteins. Lectin and lec-
tin-related proteins coded by the APA locus were first iden-
tified in common bean (Moreno and Chrispeels 1989) and
successively studied in detail only in P. lunatus and, to a
lesser extent, in P. acutifolius (Sparvoli et al. 1998; Blanco-
Labra et al. 1996; Yamada et al. 2005). The aim of this
work was to explore the genetic diversity in the Phaseolus
genus, to find possible functional diversification of the APA
members.

The data we present here show that lectin genes and pro-
teins are present in all the wild and cultivated Phaseolus
species analysed, while lectin-related genes seem to be
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restricted only to some of them. However, the molecular
evolutionary analysis clearly shows that lectin and lectin-
related genes originated throughout a paralogous duplica-
tion event preceding separation of the Phaseolus genus
confirming our previous data based only on APA genes
from P. vulgaris and P. lunatus (Sparvoli et al. 2001).

The extent of gene duplication varies depending on the
species considered. The method we used for gene identifi-
cation was based on gene isolation by PCR amplification
and subsequent sequencing. This approach may not be con-
sidered exhaustive, we nevertheless found for some species
a good agreement among the data resulting from Southern,
immunoblot and sequencing analyses.

For example, we isolated only one lectin sequence in P.
filiformis and P. parvulus, that showed only a few faint
cross-reacting polypeptides (likely representing different
glycoforms of the same protein) and one hybridising DNA
fragment (Figs. 1b, 2b, lanes 9 and 10). On the contrary, in
P. maculatus we detected more complex patterns by South-
ern and western analyses together with many AIL genes
(Figs. 1b, 2b, lane 7; Table 1). The high number of AIL
genes, together with the high number of putative glycosyla-
tion sites along the amino acid sequence and the possibility
of different degree of their utilisation, could justify the
many cross-reacting polypeptides that are detected in the
immunoblot analysis. In other cases, such as P. coccineus,
P. costaricensis, P. augusti and P. lunatus, a lower number
of lectin and lectin-related sequences was isolated, although
Southern and/or western analyses suggested the existence
of several duplicated genes. This apparent disagreement
may be justified by a low degree of polymorphism among
the duplicated lectin and/or lectin-related sequences in
these species. Indeed, in P. lunatus AlLs and ARLs genes
have diverged much less compared to the lectin-related
sequences of P. vulgaris (Sparvoli et al. 2001). In addition,
in the Southern blot many hybridising fragments may be
due to the presence of pseudogenes, not amplifiable by PCR
with our primers.

Nucleotide substitutions in homologous lectin sequences
have been successfully used for evolutionary and phyloge-
netic studies (Lioi et al. 2003, 2006; Galasso et al. 2004).
So, some consideration on phylogenetic implications are
possible. The genus Phaseolus, comprising more than 50
species, has a complex taxonomic and nomenclature history
and, still at present, some discrepancies among phyloge-
netic relationships proposed by different authors exist (Del-
gado-Salinas et al. 1999, 2004; Freytag and Debouck 2002;
Debouck 2004), although in a very recent paper Delgado-
Salinas et al. (2006) have given many clarifications.

We isolated several DNA sequences closely related to
known lectin and lectin-related genes from nine wild
Phaseolus species representative of phylogenetically
related clades as described by Delgado-Salinas et al.
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(1999). In their recent paper, Delgado-Salinas et al. (2006)
revised to some extent their previous work and showed that
all Phaseolus species analysed are resolved into two pri-
mary lineages, defined as clade A and clade B (see
Table 1). Phaseolus species ramify into eight of the nine
species clades previously determined (Delgado-Salinas
et al. 1999), and four independent ones, to which P. micro-
carpus and P. glabellus belong. In the light of this recent
data, the species we chose for the analyses were representa-
tive of seven of the eight clades: in fact, P. glabellus, that
was chosen to represent the group of P. pedicellatus
(former clade 2), turned out to be an independent species
together with P. microcarpus. This species uniqueness of
P. glabellus and P. microcarpus was indeed also previously
proposed by Freytag and Debouck (2002).

The lectin sequence data presented here provide addi-
tional evidence that most of the domesticated species of
Phaseolus such as P. vulgaris, P. coccineus and P. acutifo-
lius are closely related and all belong to the P. vulgaris
group. Similarly, P. costaricensis, a wild species, is con-
firmed to belong to the same group, in agreement with Del-
gado-Salinas etal. (1999, 2006), or to the phylum of
common bean following the classification of Debouck
(2000). In the P. vulgaris group the two lectin genes of
P. vulgaris, PvLEC(3) and PvLEC(4), are confirmed to be
close to the lectin ancestor gene, while PHA-E and PHA-L
genes evolved later.

Our analysis also shows that P. acutifolius is less related
to P. vulgaris than are P. coccineus and P. costaricensis as
recently reported by Munoz et al. (2006). The position of
both P. augusti sequences (PauLEC and PauAIL) which are
found closely related to the corresponding ones of P. [una-
tus is in agreement with phylogenetic analysis based on ITS
sequence variation (Delgado-Salinas et al. 1999, 2006) and
AFLP molecular markers (Caceido et al. 1999).

Regarding the other species, the distribution of the genes
reflects to some extent the phylogenetic relationships among
the species in which they have been identified (according to
Delgado-Salinas et al. 2006). In fact, with the exceptions of
PiLEC and PleLEC?2 (found in species of lineage B), lectin
genes from species of lineage B are clearly separated from
those of species belonging to lineage A.

Our results suggest that lectin sequences may be subdi-
vided into at least three putative orthologous groups. This is
supported by the finding that in the two wild species P. oli-
gospermus and P. leptostachyus, two distinct distantly
related lectin genes have been isolated and these are found
in different clusters: indeed, PolLECI1 and PolLEC2 are in
clusters L1 and L2, respectively, while PleLEC1 and
PIeLEC2 are in clusters L3 and L2, respectively. Two
hypotheses are possible to explain this finding: (1) during
the evolution a duplication event from a common precursor
originated a new form that underwent a different evolutionary

process, or (2) introgression events could have occurred
leading to the coexistence of more than one lectin type. We
favour the first hypothesis since these species are quite dis-
tant from each other and belong to two different lineages
(Delgado-Salinas et al. 2006).

When lectin-related sequences are considered, it appears
that different evolutionary dynamics of the APA genes have
occurred in the species analysed. First of all, no arcelin type
sequences have been identified, also in P. coccineus and
P. costaricensis, two species closely related to P. vulgaris.
An exception seems to be P. acutifolius, for which different
lectin-related genes have been isolated. Although one of
them (Pa-oAIl) does not cluster with the related genes of
the P. vulgaris group, the genes PAARC and PAARL?2 are
found with the arcelin group of P. vulgaris close to the
PvARL gene. The possibility exists that our primers,
although degenerate, did not amplify the arcelin, even if
Mirkov et al. (1994) isolated the PaARC with the same
couple of primers used here.

Arcelin genes have been often reported as peculiar to a
restricted pool of wild Mesoamerican accessions of P. vulga-
ris, in which they originated from an independent duplication
event in respect to AIL. Presence of ARL genes in P. acutifo-
lius but, apparently, not in P. coccineus and P. costaricensis,
rises the need to revise the above assumption and opens the
question of how this subgroup of lectin-releted sequences
evolved in the P. vulgaris group. However, only an extensive
molecular analysis on wild and cultivated species representa-
tive of the P. vulgaris group could shed light on this point.
We suggest to chose the species on the basis of the classifica-
tion of Freytag and Debouck (2002) that recognises in the
P. vulgaris group three sections each grouping well defined
species: section A. Acutifolii groups P. acutifolius and
P. parvifolius; section B. Phaseoli groups P. vulgaris, P. cos-
taricensis and P. polyanthus and section C. Coccinei to
which belong P. coccineus.

Conversely to ARC genes, sequences of the AIL type
have been isolated in some species belonging to both clade
A and B. The presence of many AIL duplicated sequences
appear to be a common feature of Phaseolus species,
although, at least in some species, AIL genes could have
been lost in the course of evolution. A strong environmen-
tal pressure could explain the high number of duplication
and diversification events that occurred in AIL genes of
P. maculatus leading to a redundancy of AIL forms in this
species. Loss or gain in genes are frequent events during
genomic evolution. In particular, gene duplication is an
important mechanism to create innovation, since paralogs
can acquire new functions to respond to changed needs, and
this is particularly true of candidate genes responsible of
pest/pathogen defence mechanisms (Meyers et al. 2005).
Indeed, this is likely what happened with o-Al sequences in
the species belonging to the P. vulgaris group.
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In this paper we have isolated two new a-Al sequences,
one from P. coccineus and the other one from the wild spe-
cies P. costaricensis. This is the first time that an a-Al gene
was found in a non-domesticated species. Also for this
aspect, this latter species could be considered a species
strictly related to the P. vulgaris—P. coccineus complex.
The presence of biologically active a-Al appears to be a
unique feature of a limited number of Phaseolus species,
restricted to the above cited P. vulgaris—P. coccineus com-
plex, and to P. acutifolius, that is considered as part of the
tertiary gene pool of P. vulgaris (Debouck 1991). The main
distinctive traits of active o-Als are considered the presence
of three gaps along the nucleotide sequence (Finardi-Filho
et al. 1996) and the proteolitic cleavage at the COOH termi-
nal side of an asparagine residue located in the middle of
the precursor (Pueyo et al. 1993).

Recently, Yamada et al. (2005) described a new type of
bean «-Al, the a-AlPa-1 of tepary bean (here referred as
Pao-All) that does not require post-translational processing
for activation. Another case of an o-amylase inhibitory
activity due to an AIL type protein has been reported in
Lablab purpureus (Dolichos lablab) (Fakhoury and Wolo-
shuk 2001), a Phaseolinae species. These two reports sug-
gests that, beside the well known o-Als of the Phaseolus
group species, other lectin-related proteins may have
acquired the ability to inhibit specific a-amylases. Indeed,
when we assayed the a-amylase inhibitory activity in the
different species here analysed we detected some inhibition
of the human saliva o-amylase in those species (P. macula-
tus, P. oligospermus and P. microcarpus) whose AIL genes
grouped in cluster LR3 (Tables 1, 2, Fig. 3 upper part, clus-
ter LR3). The levels of activity we found were much lower
that those measured in P. vulgaris (cv. Taylor). However, it
must be pointed out that the inhibitory activity we mea-
sured depends on the specificity of the inhibitor for the
o-amylase being tested (in our case that from human saliva)
as well as on the abundance of the inhibitor in the seed pro-
tein extract.

The cv. Taylor of P. vulgaris contains an o-Al type 1
that is specific for mammalian o-amylases. The other
Phaseolus species (P. coccineus and P. costaricensis) in
which we detected good inhibitory activities also contain
type 1 a-Als (Fig. 3 upper part, cluster LR1). On the
contrary, both P. acutifolius o-Als are specific for weevil
o-amylases (Yamada et al. 2001), however, we could detect
an inhibitory activity, although much lower that that found
in P. vulgaris, against human saliva o-amylase. A similar
result was found by Santino et al. (1993) who showed that
the inhibitory activity of the o-Al type 2 of P. vulgaris
(from accessions G12949 and G12953) against porcine
o-amylase is about 100 times less than that of a-Al type 1.
This strongly supports the hypothesis that seeds of P. mac-
ulatus, P. oligospermus and P. microcarpus contain active
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a-Als that may be more specific towards z-amylases other
than human saliva a-amylase.

We cannot demonstrate that the AIL genes we isolated
code for active a-Als (for sure this is the case of P. oligo-
spermus where the isolated sequence is probably not active
due to the occurrence of a 2 bp deletion that causes a frame-
shift), however we consider that the finding of a moderate
o-amylase inhibitory activity only in species whose AlLs
cluster together and separately from those of the P. lunatus
group (for which no «-amylase inhibitory activity has been
detected) is a strong indication that these type of sequences
may indeed exert an inhibitory activity of specific «-amy-
lases.

In conclusion, our results confirm that exploring the var-
iability of APA members in wild Phaseolus species may
represent a useful tool to detect lectin-related genes coding
for proteins that may have evolved insecticidal activities.
These findings may be useful for crop improvement either
by conventional breeding or gene transfer.
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