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Abstract Abundant lectin-related proteins found in com-
mon beans (Phaseolus vulgaris 1..) have been shown to
confer resistance against the larvae of a number of
bruchid species. Genes encoding for these proteins are
members of the lectin multigene family, the most
representative components being arcelins, phytohemag-
glutinins and a-amylase inhibitors. Arcelins have been
described in seven variants, some of which are resistance
factors against the Mexican bean weevil (Zabrotes
subfasciatus), a major bean predator. In this study the
isolation and sequencing of arcelin genes from wild P.
vulgaris genotypes, containing Arc3 and Arc7 variants, is
reported, and similarities and evolutionary relationships
among the seven known arcelins are described. The
evolutionary analysis shows that arcelins 3 and 4 cluster
together and are the most-ancient variants. A duplication
event gave rise to two additional clusters, one comprising
arcelins 1, 2 and 6 and separated from the cluster of
arcelins 5 and 7. A multiple number of arcelin genes were
found in arcelin 3 and 4 genotypes indicating that more
than one type of arcelin gene may be present in the same
locus. Some of these sequences are reminiscent of ancient
duplication events in arcelin evolution demonstrating that
arcelins have evolved through multiple duplications. A
further aim of this paper was to better understand and
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describe the evolution of the entire lectin multigene
family. Beside arcelins, a number of other types of
sequences, such as putative lectins and sequences not
easily classifiable, were found in genotypes containing
Arc3 and Arc4. These results, together with the evolu-
tionary analysis, indicate that lectin loci are quite
complex and confirm their origin by multiple duplication
events.
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Introduction

Lectins are sugar-binding proteins that are normally
expressed at low levels in many vegetative tissues, but
accumulate in a relevant amount in cotyledons, root
tubers and bark (Van Damme et al. 1998; Sharon and Lis
1990). In legumes, lectins accumulating in seed tissues
are orthologous proteins that are involved in plant defence
against bruchids (Chrispeels and Raikhel 1991; Peumans
and Van Damme 1995). In the Phaseolus genus, the lectin
locus has extensively evolved and contains a multigene
family coding for up to three major components (Sparvoli
et al. 2001). These proteins accumulate in the seed as
storage proteins and are involved in the resistance against
Zabrotes subfasciatus and some Callosobruchus species
(Huesing et al. 1991; Ishimoto et al. 1996; Osborn et al.
1988; Paes et al. 2000).

In common bean (Phaseolus vulgaris L.) the most
representative members of the lectin family are phytohe-
magglutinin (PHA) and a-amylase inhibitor (aAl), that
normally occur in wild and cultivated accessions. Arcelin
(Arc), the third protein, has been found only in wild
accessions from Mexico. Phytohemagglutinin, being the
only member of the family that binds carbohydrates, is the
true lectin. Arcelin may retain a weak carbohydrate
binding-activity whereas aAl is completely devoid of
such activity; therefore both will be referred to as lectin-
related proteins.



Based on the electrophoretic pattern of its subunits,
arcelin has been described in seven allelic variants,
composed by a small number of polypeptides in the size
range of about 31 to 40 kDa (Osborn et al. 1986; Lioi and
Bollini 1989; Santino et al. 1991; Acosta-Gallegos et al.
1998).

Arcelin genes are highly similar and tightly linked to
those encoding for PHA and aAl, so they are considered
related members of a lectin gene-family (Osborn et al.
1986; Nodari et al. 1993; Mirkov et al. 1994). Analysis of
a sequences alignment showed that, compared to PHA,
arcelin and a Al present the deletion of one or three short
segments, respectively. These deletions result in the lack
of one or two loops in the three-dimensional structures of
arcelin and aAl (Bompard-Gilles et al. 1996; Mourey et
al. 1998). The presence of genes at the same locus,
together with the high levels of sequence similarity and
gaps in conserved positions, supported the hypothesis that
a single ancestor gene gave rise to all the others by
tandem duplications and divergence (Rougé et al. 1993;
Finardi-Filho et al. 1996).

Recently, we demonstrated that in common bean a
lectin ancestor gene underwent a paralogous duplication
event, which gave rise to the progenitor of the true lectin
and to the progenitor of the lectin-related genes (Sparvoli
et al. 2001). The latter evolved originating the active form
of aAl, and in some wild genotypes underwent a second
duplication event, giving rise to arcelin genes. Therefore,
arcelin and oAl originated from a common ancestor and
arcelin does not represent a precursor of oaAl, as
previously supposed on the basis of the presence of gaps
in conserved positions. In addition, we suggested that a
better understanding of the evolution of the lectin
multigene family could be reached by comparing the
complexity found in different loci, i.e. members of the
lectin family isolated from single genotypes.

To fill the gap in the knowledge of arcelin diversifi-
cation, here we report on the isolation and sequencing of
genes coding for Arc3 and Arc7. These arcelin sequences,
together with those of the other arcelins already present in
the EMBL databank, allowed us to establish evolutionary
relationships within the seven variants.

Among wild genotypes containing arcelin, apparently
only those that accumulate Arc3 and Arc4, beside PHA
also contain aAl (Santino et al. 1991). Arc4 and oAl
genes were isolated from an arcelin 4 genotype (Mirkov
et al. 1994), whereas sequences coding for PHA poly-
peptides were not reported. Here sequences coding for
other members of the lectin family from arcelin 3 and 4
genotypes were isolated and used to draw a more-
conclusive model on the evolution of the lectin multigene
family in P. vulgaris. In fact, these genotypes have the
most complex lectin locus that, in our opinion, is the most
representative for studies on its evolution, since it
contains all the three major lectin-related components.
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Materials and methods
Plant materials

Wild bean accessions containing arcelin were kindly provided by
the CIAT (Centro Internacional de Agricultura Tropical), Cali,
Colombia. Accession-identification codes are as follows: G12882
(arcelin 1), G12866 (arcelin 2), G12891 (arcelin 3), G12949
(arcelin 4), G02771 (arcelin 5), G11051 (arcelin 6) and G24591
(arcelin 7).

Protein extraction, SDS-PAGE and Western blotting

Total seed proteins were extracted from mature seeds and separated
on 15% SDS-PAGE as described in Bollini and Chrispeels (1978).
Gels were stained with Coomassie Brilliant BlueR-250 or blotted
on a supported nitrocellulose membrane (BIO-RAD) and Western
blots developed according to Burnette (1981), using the rabbit
immune serum against Arc3 at 1:1000 dilution and peroxidase-
linked anti-rabbit IgG as second antibodies. The immune serum
was pre-incubated overnight with 50 ul of a total seed extract from
the arcelin-null cv Tendergreen, in 1 ml of phosphate-buffered
saline (0.15 M NaCl, 10 mM K-phosphate, pH 7.4), to eliminate
any unspecific cross-reactivity (Sparvoli and Bollini 1998).

Southern-blot analysis

Total genomic DNA from the different P. vulgaris accessions was
isolated from leaves of 10-day old seedlings following the
procedure described in Vitale et al. (1985). About 3 g of genomic
DNA were digested with the restriction enzyme EcoRI. Agarose
electrophoresis and blotting were as in Sparvoli et al. (1996).
Clones Pv7-38 (Arc7), Pv3-1 (Arc3-1I) (this paper) and pSC2
(PHA-L) (Staswick and Chrispeels 1984), were labelled with [a-
32P]-dCTP, and used for filter hybridisation as in Tonelli et al.
(1991). Filter washing was in 1.5 mM of sodium citrate pH 7.0,
15 mM of NaCl and 0.5% SDS at 65 °C.

PCR analysis and cloning

Genomic DNA from P. vulgaris genotypes G12891, G12949 and
(24591 was extracted from 0.1 g of young leaves by the Nucleon
protocol (Amersham). The primers P2 and P1 were 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 insert size, and to the presence/absence of
restriction sites for Aval, EcoRV, Pstl and Rsal (Fig. 1). Selected
clones were sequenced in both directions with an automated
sequencer.

Two internal primers specific for the amplification of the Arc4
gene (Mirkov et al. 1994) were designed as follow: Arc4-for 5
CCCGACGACCCCGAAGCCCATATT 3’ and Arc4-rev 5 CTC-
CATATGCACGCTGCTGGTAGAAGA 3'. PCR conditions were
as in Mirkov et al. (1994).

To establish whether the isolated genomic clones were
transcribed, cDNA was prepared from polysomal mRNA extracted
from mid-maturation cotyledons (Bollini et al. 1983). First-strand
cDNA synthesis was done using the “First-strand cDNA synthesis
Kit” (Pharmacia), using a Nofl-d(T)18 primer. RT-PCR was
performed as indicated above and PCR products were cloned into
pBSKII+ (Stratagene). Clones to be sequenced were selected as
above.

Sequence analysis and molecular-evolution methods
Nucleotide sequences were multi-aligned according to their corre-

sponding amino-acid sequence alignments by using the ClustalW
program and hand optimised by the SEAVIEW graphic tool
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PHA-E X02408

Aval PHA-E (3)

I PHA-E (4)

1 PHA-E (7)
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Fig. 1 Restriction maps of lectin and lectin-related genes from P.
vulgaris. Code names are as in Table 1, except for sequences
already present in the EMBL Nucleotide Sequence Database.
Numbers in parentheses refer to the arcelin genotype

(Galtier et al. 1996). Evolutionary analysis was carried out using
the programs implemented in the PAUP* package (Swofford 1998).
Genetic distances were calculated by using a stochastic model of
gene evolution, the General Time Reversible (GTR) model, also
known as the Stationary Markov model (Lanave et al. 1984;
Saccone et al. 1990) at non-synonymous positions (first plus second
codon position). For the sequences under examination, only the
aligned sites with no insertions or deletions were considered.
Dendrograms were reconstructed by ML/GTR/NJ-UPGMA meth-
ods and the Tree View program was used to draw unrooted and
rooted trees. Maximum-likelihood (ML) on evolutionary distances
computed on amino-acid sequences by the JTTF method and the
neighbor-joining (NJ) reconstruction tree, have been constructed by
using PROTML on the MOLPHY package (Adachi and Hasewaga
1994).

Results

Isolation of genes coding for arcelin 3 and 7

In previous work it was proposed that arcelin genes can be
clustered into three groups: one comprising Arcl, Arc2
and Arc6, and the other two corresponding to Arc4 and
Arc5 genes, respectively (Sparvoli and Bollini 1998). To
determine the evolutionary relationships among these

genes, we cloned the remaining ones, coding for Arc3 and
Arc7, and use all the arcelin sequences to make a
molecular evolutionary analysis.

Genomic DNA from arcelin 3 and 7 genotypes was
used as a template for PCR amplification of the arcelin
genes. Since, as expected, the PCR products were a
mixture of lectin and lectin-related genes, the strategy
chosen to isolate arcelin genes was based either on
sequence lengths and analysis of the restriction patterns
(Fig. 1).

Several putative arcelin clones were isolated and
sequenced. One arcelin sequence was identified in the
arcelin 7 genotype (Arc7), while two arcelin genes were
found in the arcelin 3 genotype (Arc3-1I and Arc3-III).
The Arc7 gene was similar to the Arc5-1Il gene, which
displayed an identity of 85.8%. Sequences of the two
arcelin 3 clones, Arc3-II and Arc3-II1, showed 86.8% and
84.6% nucleotide identity to Arc4, respectively. This was
unexpected since the lectin loci in arcelin 3 and arcelin 4
genotypes have a high level of similarity (Osborne et al.
1986; Hartweck et al. 1991), much higher than the
similarity among arcelin 1, 2 and 6, which share a gene
identity above 98.8% (Sparvoli and Bollini 1998).

To confirm the differences between the two arcelin 3
genes and the published Arc4 gene, we performed a PCR
amplification also in the arcelin 4 genotype. This
amplification yielded only one arcelin sequence, named
Arc4-11, identical to the Arc3-II clone. Surprisingly, in
arcelin 3 and arcelin 4 genotypes, the Arc4 sequence
could be amplified (Arc3-I and Arc4-I genes) only when
the specific internal primers Arc4-for and Arc4-rev (see
Materials and methods) were used coupled to the P1 (3’
end) or P2 (5’ end) terminal primers, respectively. In
addition, Arc4-I differed from the Arc4 gene mainly for
two frameshifts (insertion at nucleotide 593 and deletion
at nucleotide 617) that caused an eight amino-acid change
(Fig. 2, boxed amino acids).

All the isolated genes represent expressed sequences,
since the same clones were also isolated when the PCR
amplifications were performed on cDNAs from maturing
cotyledons of arcelin 3, 4 and 7 genotypes.

The derived amino-acid sequences from Arc3-1, Arc4-
I, Arc3-1I, Arc4-1I, Arc3-11I and Arc7 showed the deletion
of a stretch of eight amino-acids, referred to as GAP3
(Fig. 2), that is typical of arcelin polypeptides (Mirkov et
al. 1994). Generally, arcelins present two or three putative
N-glycosylation sites N(X)T/S, where X indicates any
amino-acid except proline and threonine which may be
substituted by serine. Arc7 confirms this feature, showing
three such sites (Fig. 2, shaded box), whereas both Arc3-11
and Arc3-1Il present six sites, most of them within the
first half portion of the mature polypeptide. Although
some of the latter sites are probably not used, due to steric
impediments, their number is consistent with the high-
molecular-weight shown by arcelin 3 and 4 polypeptide
subunits (see below).
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1 11 21 41 51 61 71 81 91
PHA-E (4) MASSKLLSLA LFLVLLTYAN SASETSFSFQ ..LI LQRDATVSSK GQLRLTNVND NGEPTLSSLG RAFYSAPIQI WDNTTGAVAS FATSFTFNID
PHA-L (4) MASSNLLSLA LFLVLLTHAN SSNDIYFNFQ ..LI LQSDASVSSS GQLRLTNLNG NGEPRVGSLG RAFYSAPIQI WDKTTGTVAS FATSFTFNMQ
LEC  (4) MASSKLLSLA LFLVLLTLAN SASETSFSFQ ..LI LQGNASVSSS GQLRLTNLKS NGEPTVGSLG RAFYSTPIQI WDSTTGRLAS FATSFTFNIY
a-AI2 (4) MASSKLLTLA LFLVLLTHAN SASDTSFNFY ..LI LOGDATVSSK GYLQLH.Gael ....TVDSMC SAFYSAPIQI RDSTTGNVAS FDTNETMNIT
AIL MASSKFFT.V LFLVLLSHAN SATETSFNID AFNKIN..LI LQGDATVTSK GYLRLT.... ..DDTEDSMG RAFYSVPIQI RDSTTGNVAS FSTNETFIMD
ARL4 MASSKLLSLA LFLVLLTHAI SAIETSFNFP SFNKDD.PLI LQGDANISSK GFLRLT.... ..DDTSNSVG RAFYSNPIQI KDSN..NVAN LDTNETFIIR
Arcd MGSSKLLSLA LLLVLLTHAN SASETSFNEFT SFDTN..KLI LQGDASVSSK GQLLLTKVRG NGDPTVDSMG RAFYYAPIQI RDSTTGKLAS FDTNFTFSIR
Arc3-I/4-I MASSKLLSLA LFLVLLTHAN SFDTN..KLI LQGDASVSSK GQLLLTKVRG NGDPTVDSMG RAFYYAPIQI RDSTTGKLAS
Arc3-II/4-I1 MASSNLLSLA LFLVLLTHAI SFHQGDPKLI LQADANVSSK GQLLLTNVIG NGDPTVDSMG RAFYYAPIQI RNSTTGKLAS FDTNETFSIR
Arc3-III MASSNLLSLA LFLVLLTHAN SFHQGDPKLI LQADANVSSK GQLLLTKVRG NGDPTVDSMG RAFYYAPIQI KDSTTGKLAS FDTNETFSIR
Arc7 MASSKLLSLA LFLVLLTHAN SATDTSFNFP SFHPDDPNLV LQCNATVSTK GQLQOLTGVKS NELPRVDSMG RAFYSEPIKI VDSITGNVAN LDTNETFIIR
101 111 121 131 141 151 161 171 181 191
PHA-E (4) VPNNS . .GPA DGLAFVLLPV GSEPKDKGGL LGLFNNYKYD SNAHTVAVEF DTLYNVHWDP KPRHIGIDVN SIKSIKTTTW DFVK..GENA EVLITYDSST
PHA-L (4) VPNNA. .GPA DGLAFALVPV GSQPKDKGGF LGLFD..GSN SNFHTVAVEF DTLYNKDWDP RERHIGIDVN SIRSIKTTPW NFVN..GENA EVLITYDSST
LEC  (4) APIMK..NSA DGIAFALVPV GSQPKTNAGL LGLFDNGTYD SNAHIVAVEF DTCINLGWDP KQRHIGIDVN SIKSIKTTPW DFVN..GENA NES
a-AI2 (4) TQREA. .NSV IGLDFALVPV QPKSK..... LGAP2 ... .. . .GHTVTVQF D. .GaP3..T FRSRISIDVN NND.IKSVPW DEQDYDGQONA KVRITYNSST
ATL EA..... NST YGLAFALVPV GSEPKANGPF LGLFRKPGYD PEAHTVAVVF INHW..YPNA NGRHLGIDVN SILPIESKPW YVGQ..GKHA VVQITYVSSK
ARL4 AKHPG. .NSG YGLTFEIRNL GSHHK..... .......... PDANAVAVVF D........ T FSNSIDIDVN SNWPIVTTPC DFGKYNGEQA DVHITYDSSK
Arcd PYSNN.ENSA FGLAFALVPV DSEPKRKDYF LGLFNKPD.D PEAHIVAVVF D........ T SSNQIEIDMN SISPVARESC HFHKYNGEKV EVRITYDSSK
Arc3-I/4-1 PYSNN.ENSA FGLAFALVPV DSEPKRKDYF LGLFNKPD.D PEAHIVAVVF D........ T SSNQIEIDMN SISPVARESC HFHKYNGEKV EVRITYDSSK
Arc3-II/4-II SRSNNNKNSA FGLAFALVPV ESQPKRKGPF LGLFKKPDND SEVQTVAVVF N........ T FSNQIEIDMN SISPAARESC DFHKYNGEKA EVRITYDSSQ
Arc3-III SRSNNNKNSA FGLAFALVPV ESQPKRKQEF LGIFNTINYE PDARTVAVVE N........ T LRNRIDIDVN AIKPYANESC NFHKYNGQKT DVQITYDSSK
arc? AK..DPGNKA YGLAFALVPV GSQPKRKEQF LGLFNTANPE PDARTVAVVF N........ T ASNRIEIDVN SISPVQTKSC DFDKYNGEKA EVHTTYDSSK
201 211 221 231 241 251 261 271 281
PHA-E (4) KLLVASLVYP SLKTSFIVS. DTVDLKSILP EWVIVGFTAT TGITKGNVET NDILSWSFAS KLSDGTTSEG LNLANFALNQ IL
PHA-L (4) KLLVASLVYP SQKTSFIVS. DTVDLKSVLP EWVSVGFSAT TGINKGNVET NDVLSWSFAS KLSDGTTSEG LNLANLVLNQ IL
LEC  (4) KLLVTSLVYP SQKTSFIIS. DRVELESVLP EWVSVGFSAT SGINEGNTET NDVLSWSFAS KLSDGTTSEG LNLANSLLNQ IL
a-AI2 (4) KVLAVSLSNP STGKSNEVS. ARMEVEKELD DWVRVGFSAI SGVHEJSFET RDVLSWSFSS KLSQHTTSE. ..RSNILLNQ IL
AIL KVLTVSLLYP STGTMYDLYA KKVELEEEVY DWVSVGFSAT SGANQWSYET HDVISWSFSS KFSDDDDTS. .ERSNILLNN IL
ARL4 NDLRVFLLFT ASQVNCSAS. ATLHLENEVN PWVGVGFNAT SPEBEBBBIRFET HDVLSWSFSS KFSHHHSPS. .ERSDILLNQ IL
Arcd KNLRASL@??‘ﬁTEQSﬁTSST SSVHMEKVLN DWVSVGFSAT SGLYDPTSET HDVLSWSFSS KFSQHTTSE. ..RSNFLLNM FL
Arc3-I/4-I NNLRASLVYP S.GTKCNFST SSVHMEKVLN DWVSVGFSAT SGLYDPTSET HDVLSWSFSS KFSQHTTSE. ..RSNILLNK IL
Arc3-II/4-II MIMGVFLSYP STGKSYTLRY DRIDLQFHVH DWMSVGFSAT SGFFESTSET HDVLSWSFSS KFSQHTTSE. ..RSNILLNK IL
Arc3-III NDLRVFLHFT VSQVKCSVS. ATVQLEKEVN ECVSVGFSAT SGLTENTTET HDVLSWSFSS KFRNK. . ... ..LSNILLNK IL
Arc7 NDLKVYLIFT ASKVWCNAS. ATVHLEKEVN SWVSVGFSAT SGSKEETTET HDVLSWSFSS KFRNK. .. .. ..LSNILLNQ IL

Fig. 2 Multiple alignment of the amino-acid sequences deduced
from representative cDNA clones of lectin and lectin-related genes
from P. vulgaris. Code names of sequences as in Table 1. Dots
were introduced to maximise similarity. Potential N-glycosylation
sites (NXT/S) are in shaded boxes. Dark grey shaded boxes indicate

Arcelin variation assessed throughout SDS-PAGE,
Western and Southern blotting

Total protein samples from seeds containing the seven
electrophoretic variants of arcelin were submitted to SDS-
PAGE under reducing conditions, and immunochemically
analysed with polyclonal antibodies raised against Arc3
(Fig. 3A and B). Cross-reaction of the antibodies with
lectin-related polypeptides (PHA and oAl) was greatly
reduced by pre-incubating the serum with a seed extract
containing the latter proteins to block antibodies against
common epitopes (Fig. 3B, lane 1) (Sparvoli and Bollini
1998).

The abundance of arcelin polypeptides is comparable
in all accessions (Fig. 3A and B) and in some cases
greater than that of phaseolin, which is generally the
major storage protein in Phaseolus seeds (Fig. 3A,
compare lanes 5-8 with lanes 2—4). Since arcelin genes
code for amino-acid sequences of about 29 kDa, the high-
molecular-weight shown by Arc3 and Arc4 polypeptides
suggests a higher extent of glycosylation compared to the
other arcelins.

Y'® in mature a AI-2, and the GAP in ARL (see text for
explanation). Amino-acid substitutions between Arc4 and Arc4-I
are boxed. The arrow indicates the processing site for removal of
the signal peptide. Numbers in parentheses refer to the arcelin
genotype 4

Genomic DNA from the seven arcelin variants was
digested with EcoRI and subjected to Southern-blot
analysis using labelled Arc7, Arc3-1I or PHA-L clones
as probes (Fig. 4A-C). The hybridisation patterns
obtained with the two arcelin probes were almost
identical, the major differences being in the hybridisation
intensities of specific fragments (Fig. 4A and B). The
Arc7 probe hybridised more strongly than the Arc3-II
probe to specific fragments in all arcelin genotypes except
arcelin 3 and arcelin 4. Indeed, in arcelin 3 and arcelin 4
genotypes the Arc3-II probe strongly hybridises to a
doublet of about 4.3—4.5 kb which is not specifically
recognised by the Arc7 probe (Fig. 4A, lanes 4 and 5). For
both probes one or two more-strongly hybridising frag-
ments were present in each genotype (Fig. 4A and B).

When the PHA-L probe was used to re-hybridise the
membrane in Fig. 4A a much simpler hybridisation
pattern was obtained (Fig. 4C). Two major hybridising
fragments were present in all genotypes except arcelin 3,
where only one fragment was present, and arcelin 7,
which displayed a more-complex pattern. The finding of
complex hybridisation patterns when arcelin probes were
used, together with the weak hybridisation signals of
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Fig. 4 Southern-blot analysis of the seven arcelin variants. Genomic DNA was digested with the restriction enzyme EcoRI and hybridised
to the Arc7 clone (panel A), Arc3-1I clone (panel B) or to a PHA-L clone (panel C)

some fragments, suggest the existence of other lectin-
related sequences.

Isolation of other members of the lectin family
and sequence comparison

To gain more insights into the complexity of the lectin
locus, other members of the lectin family, beside arcelin,
were isolated from arcelin 3 and 4 genotypes. These loci
express the highest number of lectin-related proteins,
since, in addition to arcelin, they also contain Al and
PHA. The analysis was extended also to the arcelin 7
genotype, which lacks aAl, to verify whether the
corresponding gene/s is/are silent or at all absent.

Many different clones were obtained and then screened
according to their sizes and the presence/absence of
cleavage sites for specific restriction enzymes (Fig. 1)

This approach resulted in the identification of several
other sequences (Table 1). Clones coding for PHA-E,
PHA-L and aAl-2 were isolated from arcelin 3 and 4
genotypes. Two additional lectin clones, Lec3-Al and
Lec4-B17, were isolated. These sequences probably code
for active lectins, since in their derived amino-acid
sequences the amino-acid residues important for metal
and sugar binding are conserved (Sharon and Lis 1990;
Loris et al. 1998). Sequences amplified from arcelin 3 and
arcelin 4 genotypes confirm that their lectin loci are very
similar, with a percentage of identity between corre-
sponding genes of about 95.5%. Nevertheless, at least two
genotype-specific sequences (Arc3-1I1 and ARL4) do
exist. Based on the conserved features of the lectin-
related proteins, the classification of the ARL4 clone is
ambiguous. The presence of the three gaps in conserved
positions in the deduced amino-acid sequence suggests it
is related to aAls. Nevertheless, other features contrast



Table 1 Lectin and lectin-re-
lated sequences cloned in arce-
lin 3, 4 and 7 genotypes with
respective EMBL accession
numbers. NI indicates se-
quences not identified
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Item

Arcelin 3 (G12891)

Arcelin 4 (G12949)

Arcelin 7 (G24591)

Arcelin genes

PHA genes

aAl genes
Arcelin-like genes
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Fig. 5 The phylogenetic tree calculated on the non-synonymous
(first plus second) codon positions of nucleotide sequences coding
for arcelin variants, by using the General Time Reversible (GTR)
model and the UPGMA method. On each node the bootstrap values
out of 100 replicates are indicated. The PaArl gene was used as an
outgroup. EMBL accession numbers of the sequences are reported
in Table 1 except for the following: M19430 (Arcl); M28470

(Arc2); U10351 (Arc4); 7236943 (Arc5-1); 7236970 (ArcS5-ID);
AF193029 (Arc5-1I); Z36943 (Arc6); U10350 (PaArl)

with this hypothesis. Firstly, ARL4 shares a higher amino-
acid sequence similarity to arcelins than to oaAls.
Secondly, it presents the deletion of a stretch of five
amino acids corresponding to Trp'%® of mature oAl-1.
This residue has been suggested to be involved in the
functionality of the active site of this inhibitor (Mirkov et
al. 1995). In aAl-2, the inhibitor of arcelin 4 genotype,
Trp has mutated into Tyr (both the deletion and this
residue are shaded in Fig. 2).

No genes coding for PHA-L and aAl were identified in
the arcelin 7 genotype, even when genomic DNA was
used for amplification.

Evolution of arcelin genes and of the lectin locus
in arcelin 3 and 4 genotypes

In arcelin 3 and 4 genotypes three types of arcelin
sequences have been identified. Of these, two types have
a counterpart in each genotype: the newly identified Arc3-
11 that corresponds to Arc4-11, and Arc3-I that corresponds
to Arc4-I and to the previously isolated clone Arc4
(Mirkov et al. 1994). The third type of arcelin sequence,
Arc3-III, was instead isolated only in the arcelin 3
genotype.

To address the relationship among the above se-
quences and the already known arcelins, the gene
evolution GTR (general tune reversible) method has been
used. The evolutionary distances among the nucleotide
sequences encoding for arcelins were used to construct a
rooted phylogenetic tree (Fig. 5). Our results show that
arcelins can be divided into three main groups. In fact,
two duplication events occurred during the evolution of
arcelin genes: one separating the precursor of Arc4, Arc3-
l/Arc4-1 and Arc3-1lI/Arc4-11 genes from a precursor
common to all the other arcelin variants, and the second
duplication separating the subgroup of Arcl, Arc2 and
Arc6 from the subgroup constituted by the Arc7, Arc3-111
and Arc5 genes. These findings were confirmed with the
unrooted NJ tree on nucleotide sequences and the ML
approach on amino-acid sequences (data not shown).

With the aim to draw a more-conclusive model on the
evolution of this multigene family, the lectin and lectin-
related sequences isolated from the lectin loci of arcelin 3
and 4 genotypes were compared. Phylogenetic trees were
constructed combining the above sequences with those
already available from the arcelin 4 genotype (Arc4 and
AIL). The trees were obtained with ML/GTR/UPGMA-NJ
on nucleotide sequences and with ML/JTTF/NJ on amino-
acid sequences. In all these trees, two different clusters
originating from a duplication event of a lectin progenitor
were observed: one grouping the lectin genes and the
other one including the lectin-related sequences. In the
latter, a second duplication event separated arcelin-related
genes from the aAl-related ones (Fig. 6A and B).

Despite the presence of three gaps in conserved
positions, the ARL4 sequence was grouped with the Arc
genes. In the ML tree shown in Fig. 6B, it is evident that
ARILA4 shares a common ancestor to Arc genes but most-
likely underwent an accelerated process of evolution (see
the length of the branch supporting ARL4). Similarly, the
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Fig. 6A, B Phylogenetic trees constructed on sequences of mem-
bers of the lectin family from genotypes containing Arc3 and Arc4.
A Nucleotide sequences analysed by using the General Time
Reversible (GTR) model and the UPGMA method; B amino-acid

sequences analysed by using the maximum-likelihood method. On
each node the bootstrap values out of 100 replicates are indicated.

AIL sequence underwent a peculiar evolutionary process
leading to a not-well defined position between the two
subgroups ARC/aAl (Fig. 6A and B).

Discussion

Common bean has been originally domesticated from
wild native plants, but only a narrow segment of the
genetic diversity found in nature was captured in the
domestication process (Debouck 2000). Many wild P.
vulgaris genotypes still exist in nature, and could be an
inestimable source of desirable traits useful to breeders.
Some wild Mesoamerican accessions collected in Mexico
are reported to contain arcelin (Acosta-Gallegos et al.
1998). This genetic character can be easily transferred
into breeding lines to enhance resistance against the
Mexican bean weevil (Cardona et al. 1990).

The main purpose of this study was the isolation and
sequencing of arcelin genes from wild P. vulgaris
genotypes containing Arc3 and Arc7 variants, with the
aim to determine similarities and evolutionary relation-
ships among the seven known arcelins.

Generally, arcelin variants are made up by a small
number of polypeptides (Osborn et al. 1986; Goossens et
al. 1994). In most cases these originate from different
post-translational modifications of a single gene product
(Young et al. 1999), but may also be the product of
different genes. This is the case of the Arc5 genes
(Goossens et al. 1994; Gerhardt et al. 2000). A similar
situation is found in the arcelin 1 genotype where at least

LBL

L rrrremrrre)
0.1 substitutions/site

The LBL gene was used as an outgroup. The sequence identification
reports the abbreviation of the lectin type, and eventually in
parentheses, the number of the arcelin genotype. EMBL accession
numbers of the sequences are reported in Table 1 except for
U10352 (AIL), U10351 (Arc4) and AJ271873 (LBL)

three types of polypeptides have been reported. Of these,
the most abundant is a dimer (Arcld) and the other two
are tetrameric oligomers (Arclt! and Arc1t?) (Hartweck et
al. 1991). It is therefore not surprising that the Arc4-II
gene codes for a protein having an N-terminus different
from that obtained by sequencing the Arc4 protein
isolated by Hartweck et al. (1991). Indeed, the latter
arcelin is mostly made up by the polypeptide with the
highest electrophoretic mobility and represents only a
fraction of the total arcelin 4 subunits (in Fig. 3A, lane 8§,
empty dot). The finding of a multiple number of arcelin
genes in arcelin 3 and 4 genotypes further confirms that
more than one type of arcelin gene may be present in the
same locus.

The analysis of the molecular evolution of arcelin
genes resulted in a rooted tree which clearly shows that
arcelin genes from arcelin 3 and 4 genotypes cluster
together. Furthermore, they were separated from the other
arcelin genes by a duplication event that originated two
additional subgroups: one comprising Arcl, Arc2 and
Arc6, and the other comprising Arc5, Arc7 and Arc3-II1.
These two subgroups will be referred to as the Arcl and
Arc5 subgroup respectively. The Arc3-1II gene has been
identified only in the arcelin 3 genotype. Arcelin 3 and 4
may be considered the most ancient arcelin-containing
genotypes (discussed below). The presence of Arc3-III, a
component of the Arc5 subgroup, in the arcelin 3 locus,
most likely represents a memory of the original duplica-
tion event that gave an origin to the precursor of the Arcl
and Arc5 subgroups. Reminiscence of the ancient dupli-
cation may also be observed in the arcelin 1 locus



(Hartweck et al. 1991). Apparently, this locus expresses,
at low-levels, proteins related to Arc3 and Arc4. In fact,
the N-terminus of the tetrameric arcelin Arclt' shares a
high degree of similarity with the N-terminus deduced
from the Arc3-II, Arc3-1II sequences, and the tetrameric
Arclt? shows an even higher similarity to the deduced N-
terminal amino-acid sequence of Arc4 (84.2% of identity)
(Hartweck et al. 1991).

Common bean arcelins have been distinguished from
the other members of the lectin family on the basis of the
presence of GAP3. In fact, lectins have no gaps, whereas
aAl, in addition to GAP3, has two more gaps (Rougé et al.
1993; Finardi-Filho et al. 1996; Sparvoli et al. 2001). Our
results show that a number of other types of sequences
such as putative lectins (Lec3-Al and Lec4-B17) and
sequences not easily classifiable only on the basis of gaps,
such as ARL4, do exist. At the moment, ARL4, which
gene is expressed in maturing cotyledons, still needs to be
identified and its biological activity established. Besides
ARIA, an inactive aAl gene (AIL), an amylase inhibitor-
like, is believed to be an intermediate form in the
evolution of active aAl, that has been reported (Finardi-
Filho et al. 1996). Taken together, these findings indicate
that an extensive duplication process occurred at the
lectin locus, in particular to genotypes containing Arc3
and Arc4.

Our data suggest that genotypes containing either Arc4
or the closely related Arc3 polypeptides, might represent
the progenitors of the other arcelin loci, which later
during the evolution lost ¢Al, due to a deletion event. The
alternative hypothesis that lack of the aAl protein is due
to gene silencing, seems less probable because no aAl
clones have been isolated from genotypes containing
Arc7. This loss may also have an explanation on a
functional basis: the defence role of active oAl might
have been replaced by that proposed for arcelins (Acosta-
Gallegos et al. 1998). A support for this hypothesis also
comes from the observation that lectin and lectin-related
polypeptides evolved from tetrameric oligomers (PHA-E,
PHA-L, Arc3 and Arc4) towards dimeric proteins (aAl,
Arcl, Arc2, Arc5 and Arc7). Moreover, evaluation of
genetic distances among different wild P. vulgaris
genotypes using the AFLP technique, showed that
accessions containing Arc3 and Arc4 are in some-way
closer to the putative ancestral progenitor than those
containing Arc5 and Arc6 (Tohme et al. 1996).

Southern-blot hybridisation confirms the close evolu-
tionary relationships observed in the arcelin 3/arcelin 4
group. Moreover, the multiple hybridisation fragments
obtained confirm that arcelin genotypes contain very
complex lectin loci.

The further aim of this paper was to better understand
and describe the evolution of the entire lectin multigene
family: for this reason, representative members of this
family were isolated from arcelin 3 and 4 genotypes,
known to contain Arc, PHA and aAl genes (Sparvoli and
Bollini 1998). The results confirm that the lectin family
has grown through multiple duplication events (Sparvoli
et al. 2001). Two different clusters are present, one
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grouping the PHA genes and the other one grouping the
lectin-related sequences. In this latter, a second duplica-
tion event separated oAl from the arcelin genes. The
absence of arcelin genes from all genotypes, except from
some wild Mesoamerican ones, could be explained by
assuming that an independent duplication event occurred
only in this material. Alternatively, the absence of arcelin
in cultivated materials could be explained assuming that
arcelin genes appeared in P. vulgaris, but changed during
evolution giving rise to the active aAl form, and no
reminiscent copies remained in P. vulgaris accessions,
except those found in the Mexican area.

It is interesting to point out that, as for arcelins in the
common bean and also in other legume species, the
evolution of the lectin locus led to the presence of major
lectin-related proteins devoid of sugar-binding activity.
This is the case for the closely related ARL (arcelin-like)
and AIL, which are by far more abundant that the true
Lima-bean lectin (LBL) in the seeds of Phaseolus lunatus
(Sparvoli et al. 1998), and the most distantly related
CLLRP, which accumulates as the second abundant
protein in the bark of Cladrastis lutea (Van Damme et
al. 1995). The biological meaning of the presence of a
large amount of lectin-related proteins devoid of sugar-
binding activity, and also apparently lacking enzymatic
activity, is still puzzling. At present, a role has been
described only for the common bean arcelin: the protec-
tion of the seed against the Mexican bean weevil is still
via an uncleared mechanism (Minney et al. 1990).
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