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Betvl homologues are a ubiquitous group of genes in
flowering plants encoding a class of highly conserved
defense-related proteins and containing open reading
frames from 465 to 480 bp. Betvl-like genes consist of
two exons interrupted by an intron of 76-359 bp, with
the intron position highly conserved. The pairwise p
distance ranged from 0 to 0.583 among flowering plants.
Within plant families, the ranges of the p distance were
0-0.403, 0-0.253, and 0.011-0.369, for Apiaceae, Betula-
ceae, and Fabaceae, respectively. The most striking
feature of the betvl gene phylogeny was that the
multiple sequences from each plant family formed a
monophyletic group and sequences from each species
were generally more similar to each other than those
from other species. The almost exclusive paralogous
relationships of genes from the same species suggested
that the genes of the multigene family underwent
strong concerted evolution. Phylogenies of Betulaceae
and Fabaceae inferred from betvl gene trees were
generally congruent with those based on morphology
and other molecules. Betvl homologues constitute po-
tential phylogenetic markers at the intrafamilial level
or among closely related families in flowering

plants. 1997 Academic Press

INTRODUCTION

Plant molecular systematics has developed rapidly in
the past 10 years. At present most of the molecular
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characters are from the chloroplast genes (e.g., rbcL,
matK and ndhF) and nuclear ribosomal genes or re-
gions (e.g., 18S, 26S, and the ITS regions). The clear
distinction between gene trees and species trees (e.g.,
Nei, 1987; Li and Graur, 1991; Doyle, 1992) has led to
the search for additional phylogenetic markers, espe-
cially those from the nuclear genome. Phylogenetic
utility of several single- or low-copy nuclear genes has
been explored (e.g., Mathews et al., 1995; Russo et al.,
1995; Waters, 1995; Gottlieb and Ford, 1996; Mason-
Gamer and Kellogg, 1996; Mathews and Sharrock,
1996).

Betvl homologues are a ubiquitous group of genes
and were identified from a wide range of flowering
plants including both dicots and monocots. They encode
a class of highly conserved defense-related proteins and
contain open reading frames from 465 to 480 bp.
Genomic sequences usually consist of two exons inter-
rupted by an intervening sequence (mdgcl0 from Ma-
lus without intron, Hoffmann-Sommergruber et al.,
1997). The sizes of the intron vary from 76 bp for
PfYpr10 from Pisum fulvum (GenBank Accession Num-
ber U65425, S. Tewari, S. M. Brown, P. Kenyon, and B.
Fristensky, unpublished) to 359 bp for STH-2 from
Solanum tuberosum (Matton et al., 1993). The intron
size variation of the betvl homologues is presented in
Table 1. The position of the intron is conserved.

Bet v 1, the 17-kDa major allergenic protein of birch
pollen, was originally identified by screening a pollen
cDNA library with serum IgE from birch pollen allergic
patients (Breiteneder et al., 1989). Comparison of the
nucleotide sequence of the cloned allergen with the
sequences in the EMBL databank known at that time
revealed a sequence similarity of 70% to a pea disease
resistance response gene (Fristensky et al., 1988). Since
then, a growing new class of small intracellular defense-
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TABLE 1

Intron Size Variation of Genomic Clones
of Betvl Homologues

Intron
Sequence Species size (bp) Reference
PfYpri0 Pisum fulvum 76 Tewari (unpub-
lished)
DRRG49-c Pisum sativum 88 Chiang and Had-
wiger (1990)
gPcPR1-1 Petroselinum 164 Somssich et al.
crispum (1988)
gPcPR2 Petroselinum 195 van de Loecht et al.
crispum (1990)
STH-2 Solanum tuberosum 359 Matton et al. (1993)
STH-21 Solanum tuberosum 347 Matton et al. (1993)
gAoPR1 Asparagus 347 Warner et al. (1993)
officinalis
cagcl0 Corylus avellana 81 Hoffmann-Sommer-
gruber et al.
(1997)
cagcll Corylus avellana 94 Hoffmann-Sommer-
gruber et al.
(1997)
mdgc32, Malus domestica 111 Hoffmann-Sommer-
mdgc36 gruber et al.
and mdgc38 (1997)
mdgcl0 Malus domestica 0 Hoffmann-Sommer-
gruber et al.
(1997)

related proteins, different from all previously character-
ized pathogenesis-related proteins, has been described
in several plant species. All members of this class of
proteins are very similar in amino acid sequence,
protein size, and total charge, clearly indicating a
common ancestry and probably an identical or related,
still unknown, biological function. They establish a
ubiquitous new class of evolutionarily conserved patho-
genesis- or defense-related proteins. The deduced amino
acid sequences range from 154 to 160 residues, and the
deduced molecular masses range from 16.6 to 17.5 kDa.

Members of this plant gene family have been found to
be constitutively expressed in a variety of species under
complex patterns of developmental regulation. The
presence of MRNAs coding for Bet v 1 homologues was
shown during early developmental phases of root hairs
and root epidermal cells in pea (Mylona et al., 1994),
roots of soybean seedlings (Crowell et al., 1992), cotyle-
dons of germinating chickpea seeds (Cervantes et al.,
1995), and hypocotyledons and cotyledons of yellow
lupine (Sikorski et al., 1995). During late developmen-
tal phases, the accumulation of mMRNAs coding for Bet v
1 homologous proteins was shown for pea in late seed
development (lturriaga et al., 1994), for the yellow
lupine in senescent nodules (Sikorski et al., 1995), and
for soybean in senescent leaves (Crowell et al., 1992).
Moreover, transcripts of genes belonging to the betvl
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family were detected in mature pollen of trees of the
order Fagales (Breiteneder et al., 1989, 1992, 1993;
Larsen et al., 1992), celery (Breiteneder et al., 1995),
apple (Vanek-Krebitz et al., 1995), and transgenic
tobacco (Warner et al., 1993).

On the other hand, transcripts were also found to be
inducible by the interaction of the plants with bacteria,
fungi, and fungal elicitors as was shown for pea (Fristen-
sky et al., 1988; Chiang and Hadwiger, 1990), alfalfa
(Esnault et al., 1993), yellow lupine (Sikorski et al.,
1995), and soybean (Crowell et al., 1992), or by wound-
ing as shown for asparagus (Warner et al., 1992) and
potato (Matton and Brisson, 1989). Treatment of cell-
suspension cultures with fungal elicitors and bacteria
also resulted in the induction of these genes in bean
(Walter et al., 1990), parsley (Somssich et al., 1986), and
birch (Swoboda et al., 1995a,b).

The first indication of a potential function of these
proteins came from studies done in the monocot Aspara-
gus officinalis. A role was suggested for these proteins
as enzymes of the core phenylpropanoid pathway that
are involved in the synthesis of cell-wall structural
molecules, pigments, UV-light protectants, chemical
attractants, and antimicrobial phytoalexins (Warner et
al., 1994). Along the same lines, it was proposed by
Yazaki et al. (1995) that the LEDI-1 protein from
Lithospermum erythrorhizon might play a significant
role in the induction of secondary metabolism, such as
shikonin production.

The definition of betvl homologue is at present based
on sequence similarity. As the most extensive research
was done on the Fagales and betvl, the term betvl
homologues (rather than selecting any other member of
this group) was chosen. We predict that the function of
these proteins, which is unknown to date, will tie them
together. First evidence for a rather generalized func-
tion was reported recently based on the crystal struc-
ture of a Bet v 1 isoform (Gajhede et al., 1996). It was
shown that the Bet v 1 molecule contains a large forked
cavity that runs through its structure with three
openings on the surface. It was suggested that Bet v 1
might be a nucleotide-binding protein, because of a
conserved amino acid residue motif in close vicinity to
that cavity. This so-called P-loop motif is found in many
nucleotide-binding proteins.

In this study, we examined the phylogenetic utility of
the betvl homologous genes. Betulaceae and Fabaceae
were relatively well represented and were therefore
used to discuss the phylogenetic potential of betvl
homologues.

MATERIALS AND METHODS

Sequences and Alignment

Sixty-seven gene sequences were obtained from Gen-
Bank and include nine genomic sequences and 58
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cDNA sequences (Table 2). These sequences were se-
lected based on their high level of overall similarity to
betvl genes from Betula verrucosa. The proteins they
code are very similar in amino acid sequence, protein
size, and total charge, suggesting a common ancestry
and probably an identical or related, still unknown,
biological function. Three genomic sequences including
STH-2, STH-21, and gAoPR1 (Table 1) were not in-
cluded in the analyses because they contain the cDNA
sequences pSTH-2, pSTH-21, and AoPR1, respectively.
The 67 amino acid sequences were aligned using
PILEUP (Devereux et al., 1984) of the GCG program
with a gap weight penalty of 5.000 and a gap length
weight of 0.300 (see Appendix for the alignment). The
aligned amino acid sequences were converted to nucleo-
tide sequences, which were exported to PAUP (version
3.1, Swofford, 1993), PHYLIP (version 3.5, Felsenstein,
1993), and MEGA (version 1.01, Kumar et al., 1993) for
phylogenetic analysis. Several sequences are identical
at the coding regions (e.g., Bet v 1li and Bet v 1f, and Bet
v 1m and Bet v 1n), with a one to two basepair
difference in the noncoding regions. The identical se-
quences of the coding regions were grouped together,
reducing the number of the sequences in the phyloge-
netic analysis to 65. A brief review of the sequences
used is provided below.

Betulaceae

Betula verrucosa. The first tree pollen allergen to be
included in this class of defense-related proteins on the
basis of sequence homology was Bet v 1. Bet v 1
isoforms, a group of highly similar polypeptides of 17
kDa, are constitutively expressed at high levels in
mature pollen and together represent the major birch
pollen allergen Bet v 1. A cDNA clone encoding the
most abundant isoallergen, Bet v 1a, was isolated from
a pollen expression library by immunoscreening with a
birch pollen allergic patient’'s serum (Breiteneder et al.,
1989). Several additional isoforms were described and
their presence in the natural mixture of isoallergens in
birch pollen was confirmed (Swoboda et al., 1995a).
Isolation of cDNA clones from a cDNA library prepared
from cultured birch cells grown in the presence of
Pseudomonas syringae demonstrated that the betvl
gene family of pollen allergens includes a subset of
genes, different from those constitutively expressed in
pollen, that are induced in somatic cells upon their
interaction with microorganisms (Swoboda et al.,
1995b).

All sequences of betvl isoforms were obtained from
cDNA synthesized on mRNA isolated from birch pollen.
The source of the pollen was a commercial provider for
pollen (Allergon, Sweden). The pollen was checked by
electron microscopy for purity. In the case of birch
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pollen, the material was collected from a plantation of
B. verrucosa trees in Sweden. The same applies for the
alder, hazel, and hornbeam sequences. Genomic se-
guences were obtained from DNA isolated from leaves
of a single Austrian B. verrucosa tree (as was done for
hazel and apple).

Alnus glutinosa. Aln g1 was isolated and character-
ized on the basis of its allergenic potential from pollen
mRNA of alder (Breiteneder et al., 1992).

Carpinus betulus. Studies of the major allergen
from hornbeam pollen revealed the presence of isogenic
variation. The Car b 1 isoforms were characterized by
antibody-based assays (Larsen et al., 1992).

Corylus avellana. Cor a 1, the major allergen of
hazel pollen, consists of several isoforms, four of which
have been studied in detail (Breiteneder et al., 1993).

Apiaceae

Apium graveolens. Api g 1, a major allergen from
celery, was identified by its reactivity with IgE from
individuals displaying Type | allergic symptoms after
the ingestion of celery (Breiteneder et al., 1995).

Daucus carota. The sequence of a pathogenesis-
related protein encoding mRNA from carrot somatic
embryos was deposited in the EMBL database (Acces-
sion Number U47087, X. Liu, G. J. Hwang, and J. L.
Zimmerman, unpublished).

Petroselinum crispum. Administration of a cell-
wall preparation from the fungus Phytophtora mega-
sperma f. sp. glycinea in cell-suspension cultures of
parsley resulted in rapid and dramatic increase of
mMRNASs coding for PcPR1 and PcPR2. Regulation of the
PR protein synthesis occurred at the transcriptional
level (Somssich et al., 1986). Genomic DNA blot experi-
ments indicated that PR1 is a small gene family
consisting of approximately three to six genes per
haploid genome (Somssich et al., 1988). A single-copy
gene encoding pathogenesis-related protein 2 (PR2) in
parsley was identified by its transcriptional activation
in cultured parsley cells treated with fungal elicitor.
The deduced PR2 protein belonged to a class of evolu-
tionarily conserved polypeptides which are closely re-
lated to disease resistance in plants. (van de Loecht et
al., 1990).

Boraginaceae

Lithospermum erythrorhizon. cDNAs expressed pre-
dominantly in dark-grown Lithospermum cell cultures
were enriched by a cDNA subtraction method. The
expression of LEDI-1 was strongly induced in Lithosper-
mum cells under aseptic conditions without fungal
elicitation. The gene product may play a significant role
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TABLE 2

Betvl Homologous Sequences Used in This Study

Genbank
accession no.
Sequence Sequence
Taxon designation type DNA Protein Reference
Betulaceae
Alnus glutinosa Alng1 cDNA S50892 P38948 Breiteneder et al. (1992)
Betula verrucosa Betv la cDNA X15877 P15494 Breiteneder et al. (1989)
Betv 1b cDNA X77200 P45431 Swoboda et al. (1995a)
Betv 1c cDNA X77265 P43176 Swoboda et al. (1995a)
Betv 1d cDNA X77266 P43177 Swoboda et al. (1995a)
Betv le cDNA X77267 P43178 Swoboda et al. (1995a)
Betv 1f cDNA X77268 P43179 Swoboda et al. (1995a)
Betv 1g cDNA X77269 P43180 Swoboda et al. (1995a)
Betv 1h cDNA X77270 P43177 Swoboda et al. (1995a)
Betv 1i cDNA X77274 P43179 Swoboda et al. (1995a)
Betv 1j cDNA X77271 P43283 Swoboda et al. (1995a)
Bet v 1k cDNA X77272 P43184 Swoboda et al. (1995a)
Betv 1l cDNA X77273 P43185 Swoboda et al. (1995a)
Betv 1m cDNA X81972 P43186 Swoboda et al. (1995a)
Betv 1n cDNA X82028 P43186 Swoboda et al. (1995a)
Bet v 1-Scl cDNA X77599 Swoboda et al. (1995b)
Bet v 1-Sc2 cDNA X77600 Swoboda et al. (1995b)
Bet v 1-Sc3 cDNA X77601 Swoboda et al. (1995b)
Carpinus betulus Carb la cDNA X66932 P38949 Larsen et al. (1992)
Carb1b cDNA X66918 P38948 Larsen et al. (1992)
Carb 1/2 cDNA X66933 P28959 Larsen et al. (1992)
Corylus avellana Corala cDNA X70999 Breiteneder et al. (1993)
Coralb cDNA X71000 Breiteneder et al. (1993)
Coralc cDNA X70997 Breiteneder et al. (1993)
Corald cDNA X70998 Breiteneder et al. (1993)
cagclo0 genomic 272439 Hoffmann-Sommergruber et al. (1997)
cagcll genomic 272440 Hoffmann-Sommergruber et al. (1997)
Apiaceae
Apium graveolens Apigl cDNA 248967 P49372 Breiteneder et al. (1995)
Daucus carota Gea 20 cDNA u47087 Liu (unpublished)
Petroselinum crispum PcPR1-2 cDNA X12574 P19417 Somssich et al. (1988)
PcPR1-3 cDNA X12573 P19418 Somssich et al. (1988)
PcPR2 cDNA X58698 pP27538 van de Loecht et al. (1990)
gPcPR2 genomic X55736 van de Loecht et al. (1990)
Boraginaceae
Lithospermum erythrorhizon LEDI-1 cDNA D38493 Yazaki et al. (1995)
Fabaceae
Cicer arietinum CaPR-10a cDNA X79706 Cervantes et al. (1995)
Glycine max SAM22 cDNA X60043 P26987 Crowell et al. (1992)
H4 cDNA X60044 Crowell et al. (1992)
Lupinus luteus LIR18A cDNA X79974 Sikorski et al. (1995)
LIR18B cDNA X79975 Sikorski et al. (1995)
Medicago sativa SRG1 cDNA U42752 Truesdell (unpublished)
MsPR10 cDNA U13709 Esnault et al. (1993)
Medicago truncatula MtYprl0 cDNA Y08641 Gamas (unpublished)
Phaseolus vulgaris PVPR1 cDNA X61365 P25985 Walter et al. (1990)
PVPR2 cDNA X61364 P25986 Walter et al. (1990)
Yprl0 cDNA X96999 Walter et al. (1996)
Pisum elatius PePR10 cDNA uU57064 Tewari (unpublished)
Pisum fulvum PfYpri0 genomic u65425 Tewari (unpublished)
Pisum sativum pl49 cDNA X13383 Fristensky et al. (1988)
pll76 cDNA X18249 Fristensky et al. (1988)
DRRG49-c genomic J03680 P27047 Chiang and Hadwiger (1990)
ABR17 cDNA 715128 Iturriaga et al. (1994)
ABR18 cDNA 715127 Iturriaga et al. (1994)
RH2 cDNA S74512 Mylona et al. (1994)

Vigna unguiculata VuPR4.2 cDNA X98608 Lan (unpublished)
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TABLE 2—Continued

Genbank
accession no.
Sequence Sequence
Taxon designation type DNA Protein Reference
Rosaceae
Malus domestica Mald 1 cDNA 748969 P43211 Vanek-Krebitz et al. (1995)
Mal d 1.2 cDNA X83672 P43211 Schoening (unpublished)
Apl5 cDNA L42952 Atkinson et al. (1996)
mdgcl0 genomic 272425 Hoffmann-Sommergruber et al. (1997)
mdgc32 genomic 272426 Hoffmann-Sommergruber et al. (1997)
mdgc36 genomic 272427 Hoffmann-Sommergruber et al. (1997)
mdgc38 genomic 272428 Hoffmann-Sommergruber et al. (1997)
Prunus avium Pruail cDNA u66076 Scheurer et al. (unpublished)
Solanaceae
Solanum tuberosum pSTH-2 cDNA M25155 P17642 Matton and Brisson (1989)
pSTH-21 cDNA M25156 P17641 Matton and Brisson (1989)
Liliaceae
Asparagus officinalis AoPR1 cDNA X62103 Warner et al. (1992)
AocPR2A cDNA X69652 Warner (unpublished)
AocPR3A cDNA X69653 Warner (unpublished)

in the induction of secondary metabolism, such as
shikonin production (Yazaki et al., 1995).

Fabaceae

Cicer arietinum. CaPR-10a was isolated from a
cDNA library made from cotyledons of germinating
chickpea seeds. Southern analysis of chickpea genomic
DNA revealed that the corresponding gene was single-
copy. CaPR-10a mRNA was first detected in Northern
blots at the time of desiccation in seed development.
High transcript levels were maintained in the dry seed
and early in germination. Transcript levels increased
severalfold upon exposure of imbibed seeds to ABA
(Cervantes et al., 1995).

Glycine max. Stress-induced, developmentally regu-
lated soybean genes were investigated. The mRNAs
corresponding to these cDNAs, called SAM22 and H4,
accumulated predominantly in the roots of soybean
seedlings and were present at high levels in the roots
and leaves of mature plants. SAM22 accumulation was
especially dramatic in senescent leaves. In addition,
SAM22 accumulation could be induced in young leaves
by wounding or by transpiration-mediated uptake of
salicylic acid, methyl viologen, fungal elicitor (chito-
san), hydrogen peroxide, or sodium phosphate (pH 6.9).
Southern blot analysis indicated that approximately 10
copies of sequences related to SAM22 existed in the
soybean genome (Crowell et al., 1992).

Lupinus luteus. Two intracellular pathogenesis-
related proteins, L1R18A and L1R18B, from yellow
lupine were identified through the study of the develop-
ment of nitrogen-fixing nodules and the characteriza-
tion of transcriptionally regulated host plant genes. A
significant increase of their expression was observed in

senescent nodules. The accumulation of transcripts of
both genes was observed at high levels in the roots of
uninfected plants and hypocotyls, cotyledons, and leaves
of mature plants infected with B. lupini (Sikorski et al.,
1995).

Medicago sativa. Accumulation of a transcript en-
coding the 17-kDa PR MsP10 protein was observed 6 to
30 h after alfalfa leaves were infiltrated with Pseudomo-
nas syringae pv. pisi (Esnault et al., 1993). Sequence of
another M. sativa stress response gene 1 (SRG1) mRNA
was deposited in the EMBL database (Accession Num-
ber U42752; G. M. Truesdell and M. B. Dickmann,
unpublished).

Phaseolus vulgaris. Rapidly induced small tran-
scripts were isolated from a cDNA library derived from
bean cell-suspension cultures treated with an elicitor
from Colletotrichum lindemuthianum. Southern blot
analysis indicated that PvPR protein gene organization
is highly complex with an estimated copy number of
more than 12 genes (Walter et al., 1990). Another
pathogenesis-related protein Yprl0 from P. vulgaris
was shown to display complex patterns of developmen-
tal, dark-induced, and exogenous stimulus-dependent
expression (Walter et al., 1996).

Pisum sativum. The expression of the Group |
disease resistance response genes (pl49, pl1276, and
pl1206) in endocarp tissue of P. sativum cv. Alaska was
strongly associated with resistant interactions of the
pea with the fungus Fusarium solani, the bacterium
Pseudomonas syringae pv. pisi, and the fungal elicitor
chitosan (Fristensky et al., 1985; Riggleman et al.,
1985; Daniels et al., 1987; Fristensky et al., 1988).

The accumulation of disease resistance response
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gene (DRRG) mRNAs in pea endocarp tissue occurred
2—4 h after treatment with chitosan or inoculation with
the incompatible pathogen F. solani f. sp. phaseoli. A
pea genomic clone DRRG49-c encompassing one DRRG
structural gene was obtained using the homologous
pl49 cDNA as a probe. The DRRG structural gene is
one of a multigene family, and an estimated five copies
exist within the pea genome (Chiang and Hadwiger,
1990).

cDNAs encoding two low molecular weight abscisic
acid-responsive pea proteins, ABR17 and ABR18, which
were synthesized during late seed development in vivo,
were isolated and characterized. They were induced by
culture of embryos in vitro and their production mark-
edly enhanced by exogenous ABA. The ABR17 cDNA
corresponds to a single-copy gene, but ABR18 is one
member of a family of closely related sequences in the
pea genome (lturriaga et al., 1994).

Two-dimensional gel electrophoresis of pea root and
root hair proteins revealed the existence of at least 10
proteins present at elevated levels. One of these, RH2,
was expressed not only in root hairs but also in root
epidermal cells lacking these tubular outgrowths. The
expression of rh2 was developmentally regulated. The
authors postulated that rh2 contributed to a constitu-
tive defense barrier in the root epidermis (Mylonaet al.,
1994).

Vigna unguiculata. The sequence of the gene coding
for PR4.2 from the cowpea was deposited in the EMBL
database (Accession Number X98608; V. T. T. Lan, W. J.
Broughton, and A. Krause, unpublished). PR4.2 was
identified as a pathogenesis-related protein during the
Rhizobium—legume interaction.

Rosaceae

Malus domestica. Mal d 1, the major allergen from
apple, was identified and characterized by the use of
allergic individuals’sera and its immunological relation-
ship to Bet v 1 demonstrated by cross-inhibition experi-
ments using recombinant Mal d 1 (Vanek-Krebitz et al.,
1995). The screening of a ripe apple cDNA expression
library with possibly cross-reacting polyclonal antibod-
ies to spinach sucrose-phosphate synthase resulted in
the isolation of cDNA clone pAP15 (Atkinson et al.,
1996). Genomic Southern analysis suggested that the
gene belonged to a family of at least 15 members.
Northern analysis indicated that pAP15 was ripening-
related, with an accumulation of sequence-related
mRNA coincident with ethylene production during
apple fruit ripening (Atkinson et al., 1996). A sequence
coding for another isoform of Mal d 1 was deposited in
the EMBL database (Accession Number X83672; B.
Schoening, W. H. Ziegler, S. Viehts, and W. Baltes,
unpublished).
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Prunus avium. The sequence of a cDNA coding for
the betvl homologue from sweet cherry was submitted
to the EMBL database (Accession Number U66076; S.
Scheurer, K. Metzner, D. Haustein, and S. Viehts,
unpublished). The gene product was designated as
cherry allergen Prua 1.

Solanaceae

Solanum tuberosum. Potato pSTH-related tran-
scripts were found to be rapidly induced by slicing
tubers or stems as well as by the addition of arachidonic
or eicosapentaenoic acid to tuber disks or by treatment
of leaves with Phytophtora infestans mycelial homog-
enate (Matton and Brisson, 1989).

Liliaceae

Asparagus officinalis. A wound-induced cDNA des-
ignated AoPR1 from a suspension of mesophyll cells
isolated from cladodes of light-grown A. officinalis
seedlings was reported. The transcript abundance is
up-regulated following cell separation and in chopped
mesocotyl tissue from dark-grown seedlings. This was
also the first example of a monocot cDNA belonging to
this class of intracellular pathogenesis-related proteins
(Warner et al., 1992).

Cis-acting regulatory sequences of the AoPR1 gene
were isolated. A translational fusion was constructed
with the B-glucuronidase (GUS) reporter gene and
tested in transgenic tobacco. Histochemical localization
of GUS activity in transgenic tobacco demonstrated
rapidly induced and persistent activity localized to
wound and pathogen (Botrytis cinerea) invasion sites.
GUS activity was also observed in mature pollen
(Warner et al., 1993).

The expression pattern of the AoPR1-GUS gene cor-
related well, temporally and spatially, with the develop-
mental expression observed for GUS fusions with pro-
moters derived from genes coding for enzymes in the
“core phenylpropanoid pathway.” Enzymes involved in
that pathway catalyze the synthesis of cell-wall struc-
tural molecules, pigments, UV-light protectants, chemi-
cal attractants, and antimicrobial phytoalexins. The
AoPR1 promoter directed similar cell-specific transcrip-
tion patterns in both asparagus and transgenic tobacco.
The AoPR1 promoter contained sequence motifs similar
to those implicated as important in the regulation of
phenylpropanoid pathway genes (Warner et al., 1994).

Sequence Information on Additional Betvl
Homologues

Additional partial sequences were available at the
time of this study but were not included in the analysis.
An N-terminal amino acid sequence of Cas s 1, the
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major allergen from Castanea sativa (Fagaceae), was
reported by Kos et al. (1993). Schoening et al. (1995)
identified the N-terminus of a Bet v 1 homologue from
Prunus cerasus (Rosaceae). A betvl homologue from
Taraxacum officinale (Asteraceae) was discovered by
J. D. Bewley and collaborators (personal communica-
tion) and M. Vanek-Krebitz from our group identified
most of the coding sequence of a betvl homologue from
Brassica oleracea (Brassicaceae). An N-terminal se-
quence of yet another Bet v 1 homologue from Solanum
melongena (Solanaceae) was presented at the 52nd
Annual Meeting of the American Academy of Allergy,
Asthma, and Immunology (Hsieh et al., 1996).

Phylogenetic Analyses

Parsimony analysis of the 67 nucleotide sequences
was performed with PAUP 3.1 (Swofford, 1993) using a
heuristic search. Indels were treated either as missing
data or as new character states. The amount of support
for monophyletic groups revealed in the maximally
parsimonious tree(s) (MPTs) was examined with 100
bootstrap replicates (Felsenstein, 1985) using PAUP
with the random addition and heuristic search options.
A maximum likelihood (Felsenstein 1981) tree was
generated using the DNAML program of PHYLIP
(version 3.5, Felsenstein, 1993). The maximum likeli-
hood analysis was performed with the input order of
sequences randomized and the transition/transversion
ratio set at 0.8620 based on the actually observed
frequencies in the MPTs of the parsimony analysis.
A neighbor-joining (Saitou and Nei, 1987) tree
was constructed using the uncorrected distances
(p distances) with the program MEGA (Kumar et al.,
1993). Of the 67 sequences sampled, 3 belong to mono-
cots and 64 represent sequences from dicots. The
three monocot sequences (AoPR1, AocPR2A, and
AocPR3A) were selected as outgroups in the phyloge-
netic analyses.

Several analyses were performed treating indels in
different ways. The first phylogenetic analysis treated
gaps as missing data. The second analysis was con-
ducted treating each gap position as a new character
state as if it were a fifth base. The third analysis
treated the gaps as missing data and then each indel
was scored as a separate character (i.e., presence/
absence data). Indels may provide phylogenetic informa-
tion. However, the second approach weights multistate
gaps by their length and was therefore not preferred in
this study.

RESULTS

Sequence Characteristics

Betvl homologues have an average nucleotide fre-
quency of 0.2992 for A, 0.2148 for C, 0.2499 for G, and
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0.2361 for T. The sequences of the open reading
frames were conservative and thus the alignment was
straightforward. Alignment of the 67 sequences from
seven plant families representing both monocots and
dicots required 15 indels, each of 3-12 bp (see Appen-
dix). Among all the 67 sequences of both dicots and
monocots compared, 438 of the 495 aligned positions
were variable, 412 of which were phylogenetically
informative. Of the 27 sequences from Betulaceae, 221
positions were variable with 146 phylogenetically in-
formative. The 20 sequences of Fabaceae have 310
variable sites, 244 of which were phylogenetically
informative.

Phylogenetic Analyses

Phylogenetic analyses employed all the available
nucleotide sequences of betvl homologues, represent-
ing sequences of 22 species from seven plant families.
Maximum parsimony analysis generated eight maxi-
mally parsimonious trees with a length of 2583 steps, a
consistency index (Cl) of 0.370, a retention index (RI) of
0.760, and a rescaled consistency index (RC) of 0.281.
The strict consensus tree is presented in Fig. 1. The
eight MPTs differed only in the relative positions of
OTUs within the following monophyletic groups: (1)
Betv le and Betv 1j; (2) Bet v 1b, Bet v 1c, and Bet v 1k;
and (3) mdgc32, mdgc36, and mdgc38. Treating gaps as
new states generated 16 MPTs with a total length of
2631 steps, a Cl of 0.388, a Rl of 0.769, and a RC of
0.298. The 16 trees were similar to the ones generated
by treating gaps as missing data. They had an addi-
tional difference in the position of pl49 (P. sativum),
which was either sister to PePR10 (P. elatius) or basal
to the group of PePR10 (pl176, PfYprl0). Treating each
indel as a separate character produced eight MPTs with
the same phylogenetic conclusions as treating gaps as
missing data (2602 steps, Cl = 0.374, Rl = 0.762, and
RC = 0.285).

The neighbor-joining tree (not shown) was congruent
with the MPTs (Fig. 1) and they differed only in the
position of cagcll (Corylus, Betulaceae). The parsi-
mony analysis suggested that it formed a monophyletic
group with the seven sequences from Rosaceae (Mal d
1, Mal d 1.2, Ap15, mdgc10, mdgc32, mdgc36, mdgce38,
and Pru a 1). The NJ tree suggested its basal position
within the Betulaceae clade. The maximum likelihood
tree had a similar topology to the MPTs, with cagcll
basal to the Rosaceae clade.

Parsimony analysis of sequences from Betulaceae
alone generated eight MPTs using Ap15 (Malus) as the
outgroup. The eight MPTs have a total length of 529
steps, a Cl of 0.688, a RI of 0.800, and a RC of 0.550.
Their consensus has the same topology as that in Fig. 1.
The parsimony analysis of the sequences from Faba-
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FIG. 1. The strict consensus tree of the eight most parsimonious trees of the betvl homologues (2583 steps, Cl = 0.370, Rl = 0.760, and
RC = 0.281). Numbers above lines are the bootstrap values in 100 replicates.
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ceae alone produced a single MPT using LEDI-1 (Litho-
spermum) as the outgroup. This Fabaceae tree has an
identical topology as shown in Fig. 1, with a total length
of 905 steps, a Cl of 0.628, a Rl of 0.650, and a RC of
0.408. Analyses using multiple outgroups (AP15 of
Malus, Pru a 1 of Prunus, LEDI-1 of Lithospermum,
and pSTH-2 of Solanum) produced the same phyloge-
netic results for Fabaceae as in Fig. 1.

Sequence Divergence

The pairwise p distance among sequences of the
betvl homologues ranged from O to 0.583. The largest p
distance was between AocPR3A (Asparagus) and Api g
1 (Apium). Within plant families, the ranges of the p
distance were 0-0.403, 0-0.253, and 0.011-0.369, for
Apiaceae, Betulaceae, and Fabaceae, respectively. Be-
cause of the large number of sequences, up to two
representatives of each genus were presented in Table
3. The proportions of nonsynonymous differences (Py)
among betvl homologues with gap sites and missing
data excluded ranged from 0 among some recent ortho-
logues to 0.5430 between AocPR2A (Asparagus) and
LEDI-1 (Lithospermum). The Py values within Apia-
ceae, Betulaceae, and Fabaceae were 0-0.3360,
0-0.1630, and 0-0.2895, respectively. Nucleotide se-
quence differentiation was detected within species. For
example, the Py values among 15 sequences of Betula
verrucosa ranged from 0 to 0.0729.

DISCUSSION

Concerted Evolution of the Betvl-like Genes

One of the most striking features of the betvl gene
phylogeny (Fig. 1) was that the betvl homologues from
each plant family constituted a monophyletic group
with only the exception of cagcll from Betulaceae,
which was grouped with homologues from Rosaceae in
the maximum parsimony and maximum likelihood
trees. We examined gene phylogenies for several nuclear
multigene families including the actin genes (McElroy
et al., 1990), the cyclin genes (Kouchi et al., 1995), the
glutamine synthetase (GS) genes (Doyle, 1991), the
phytochrome genes (Mathews et al., 1995; Mathews
and Sharrock, 1996), and the small heat-shock genes
(Waters, 1995). Contrary to betvl homologues, all of the
above gene families were shown to form two or more
distinct classes in each plant family.

Let us assume that an ancestral species possessed its
own betvl multigene family. Members of this gene
family would have diverged to some degree through
time. Derivatives of this species would be expected
to demonstrate similar betvl gene lineages. Ancient
lineages of betvl sequences within betvl gene families
which predate the divergence of the species would be
expected to be present. However, concerted evolution,

TABLE 3

Sequence Divergences of the Betvl Homologues
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19

18

17

16

15

14

13

12

11

10

0.558
0.448
0.470
0.485
0.481

0.553

0.550
0.475

0.570

0.548
0.499

0.566
0.475
0.476

0.543
0.469

0.560
0.498
0.484
0.486
0.455
0.426
0.411

0.578 0.547 0.513 0.516 0.507 0.503 0.501 0.518 0.556 0.557
0.437 0.437
0.426 0.466
0.429 0.438
0.410 0.437

0.314

0.546

1 AoPRL1 (Asparagus)
2 PcPR1-3 (Petrosel.)
3 Apig1l (Apium)
4 Gea 20 (Daucus)

0.484
0.455

0.469

0.502

0.430
0.420
0.424
0.429
0.141
0.139
0.128
0.112

0.428
0.422

0.416

0.422
0.435
0.424
0.419

0.430
0.420
0.424
0.412

0.478
0.454
0.447

0.308
0.181

249

0.478 0.487

0.457

0.489

0.479
0.510

146
143
215
200
196
203
199
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202
232
230
218
221
232
218
221
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207
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248
234
243
239
237
236
244

0.470 0.476 0.489 0.487 0.483

0.481

84
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214
220
222
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220
211
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0.458 0.431
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0.400

0.440
0.405

0.426

0.410

0.463
0.423
0.420
0.410

0.408
0.155
0.151
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222
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223

5 pSTH-21 (Solanum)
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0.413

0.380
0.386

0.411

0.405

0.382

0.327

0.159
0.153
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211
207
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215

0.429
0.424
0.431

0.407 0.411 0.411
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0.399
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0.304
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0.406 0.406 0.388

0.395
0.386
0.397

0.398
0.377

0.391

0.398
0.402
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74

73

67
160
198
193
188
195
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183
198

77
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68
157
199
200
180
193
192
186
191
180
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0.396 0.378

0.383

0.378
0.393
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0.401
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0.422

0.398 0.376
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0.416
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184
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0.443
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0.431
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0.314
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14 SRG1 (Medicago)

15 pl176 (Pisum)

0.357 0.351 0.363

0.329

0.321

80
148
153
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164
202

0.271 0.276 0.262

0.259

151
160
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166
163
171
205

251
265
255
260
251

0.452
0.462
0.468
0.475
0.473

0.278 0.286 0.256

0.268

66
123
127
129
124
198

0.254 0.229

0.241

128
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134
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209

16 CaPR-10a (Cicer)

0.175

0.062

113
119
109
212

17 PvPR2 (Phaseolus)
18 Yprl0 (Phaseolus)
19 SAM22 (Glycine)

0.188

29
82
215

88
218

217

253

20 LEDI-1 (Lithosper.)

325

Note. Uncorrected distances (p distances) are shown above the diagonal and observed nucleotide differences are given below the diagonal.
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i.e., the tendency of a family of repeated genes to evolve
in unison (Zimmer et al., 1980), may occur and result
in the pattern that the repeated genes within a species
are more similar to each other than those of other
species.

The multiple sequences of betvl homologues from the
same species were generally more similar to each other
than those from other species, suggesting that betvl
homologous genes must have undergone concerted
evolution. However, differentiation of genes into two or
more groups within a species was also encountered,
suggesting concerted evolution was incomplete. Seven-
teen sequences were available for B. verrucosa, sixteen
of which (except Bet v 1-Sc3) formed a monophyletic
group. Of the six sequences of Corylus avellana, the
four cDNA sequences formed a monophyletic group and
the two genomic sequences (cagcl0 and cagcll) were
scattered on the tree (Fig. 1). Phylogenetic analysis
suggested three groups of betvl homologues for Malus
domestica: Group | of the three cDNA sequences (Mal d
1, Mal d 1.2, and Ap15), Group Il of mdgc10, and Group
111 of mdgc32, mdgc36, and mdgce38. The Group Il and
Group Il sequences were genomic sequences. A more
complicated situation was detected in Pisum. Eight
betvl homologous sequences were available for three
species of Pisum: P. elatius, P. fulvum, and P. sativum.
Six of the eight betvl homologues formed a monophy-
letic group; however, ABR17 and ABR18 of P. sativum
became highly divergent, perhaps with different func-
tions. Therefore, among the betvl-like genes, a high
level of similarity was usually observed of sequences
within the species with some exceptions. However, the
usually exclusive monophyly of sequences from each
plant family suggested that concerted evolution oper-
ated during ancient times.

An alternative to the concerted evolution hypothesis
is presented below. If gene copy number were to in-
crease from one to several in the ancestor of a taxon,
and the copies then underwent divergence, a pattern
of gene evolution similar to the one shown in Fig. 1
could theoretically result, with all of the copies within
that taxon forming a somewhat divergent yet mono-
phyletic group (here referred to as the divergence
hypothesis). In the majority of the species examined
so far, the gene copy number is usually more than
one except in Cicer (see also Materials and Methods). If
the divergence hypothesis were operating, we would
expect to see several major paralogues in the gene
phylogeny unless the gene divergence was very recent
(no speciation events among the terminal taxa in Fig.
1). The more or less strict monophyly of betvl homo-
logues from each plant family (only with the exception
of cagcll in the maximum likelihood and the maximum
parsimony analyses) supports the concerted evolution
hypothesis.
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Phylogeny of Fabaceae Inferred from the Betvl
Gene Tree

The phylogeny of Fabaceae has been examined exten-
sively based on both morphological and molecular data
(Polhill and Raven, 1981; Doyle et al., 1992; Crisp and
Doyle, 1995). Nucleotide sequences of betvl homo-
logues were available for seven genera of Fabaceae:
Cicer (tribe Cicereae), Glycine (tribe Phaseoleae), Lupi-
nus (tribe Genisteae), Medicago (tribe Trifolieae),
Phaseolus (tribe Phaseoleae), Pisum (tribe Vicieae),
and Vigna (tribe Phaseoleae).

The betvl homologues’ nucleotide data suggested a
phylogeny for the seven legume genera represented.
First, a close relationship among Glycine, Phaseolus,
and Vigna was suggested. This was consistent with
results from other nuclear genes (Doyle, 1991) and the
rbcL data (Doyle, 1995). These three genera are mem-
bers of the tribe Phaseoleae (Polhill and Raven, 1981).
Second, Medicago (Trifolieae) and Pisum (Vicieae) were
suggested to be closely related. Third, Glycine, Phaseo-
lus, Medicago, and Pisum formed a monophyletic group.
Fourth, Cicer was suggested to be basal to the ((Gly-
cine, Phaseolus) (Medicago, Pisum)) group. Fifth, Lupi-
nus was cladistically basal among the seven genera
sampled. This phylogeny was in complete agreement
with the general phylogeny reconstructed from mul-
tiple nuclear genes (Doyle, 1991) except that the Doyle
phylogeny did not include Cicer.

Despite the presence of concerted evolution, the
betvl-like genes seemed to be useful for inferring
phylogenies at the intrafamilial level in Fabaceae. In
this regard, the betvl genes are similar to the rbcS
genes encoding the small subunit of ribulose-1,5-
bisphosphatase carboxylase (Meagher et al., 1989). The
complicated branching pattern of Pisum betvl homo-
logues (Fig. 1), however, suggested that we need to be
cautious in interpreting our results when the sampling
of the genes is inadequate.

Betvl Phylogeny of Betulaceae

Betulaceae, the birch family, consists of six genera:
Alnus, Betula, Carpinus, Corylus, Ostrya, and Ostry-
opsis. Corylus was sometimes treated as belonging to
its own family Corylaceae. Sequences of betvl homo-
logues were available for four of the six genera: Alnus,
Betula, Carpinus, and Corylus. The data suggested a
close relationship between Carpinus and Corylus. Betula
was found to be sister to the Carpinus-Corylus group.
The phylogenetic position of Alnus was not well re-
solved. The parsimony and maximum likelihood trees
suggested a basal position of Alnus. The neighbor-
joining tree showed that it was basal to the Carpinus—
Corylus group with the Kimura two-parameter dis-
tance. The NJ tree with the uncorrected p distance
suggested that Alnus formed a sister group with Betula.
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Data from morphology, ITS sequences, and rbcL
data (Crane, 1989; Bousquet et al., 1992) suggested
that Alnus formed a sister group with Betula, and
Carpinus and Corylus are sister to each other. The
betvl data therefore were largely congruent with previ-
ous studies.

Potential Phylogenetic Utility of Betvl Homologues

Criteria for a potential phylogenetic marker should
consider: (1) size of the gene or DNA region, (2) demon-
stration of organismal relationships, (3) ease of sequenc-
ing, (4) level of sequence divergence, and (5) ubiquitous
occurrence.

Size. The open reading frames of betvl homologues
ranged between 465 to 480 bp. Compared with se-
quences commonly used for phylogenetic purposes,
betvl homologues are similar in size to the ITS regions
(ITS-1 and ITS-2, each <300 bp in flowering plants,
Baldwin et al., 1995), but shorter than the chloroplast
matK (a maturase-encoding gene, approximately 1500
bp, Johnson and Soltis, 1994), ndhF (encoding a
component of a putative chloroplast respiratory chain,
2223 bp in tobacco, Olmstead and Sweere, 1994), and
rbcL (encoding the large subunit of ribulose-1,5-
bisphosphate carboxylase, 1431 bp in maize, Clegg,
1993), and the nuclear ribosomal 18S (1807 bp in
soybean, Hamby and Zimmer, 1992) and 26S (3376 bp
in rice, Takaiwa et al., 1985). However, betvl homo-
logues show a higher level of sequence divergence
(Table 3) and thus generate enough differences to make
phylogenetic hypotheses at the intrafamilial level as we
have shown in Betulaceae and Fabaceae (Fig. 1). We
are aware of the fact that the long and more conserved
sequences usually have less homoplasy compared with
the short and highly divergent sequences. We, however,
value the phylogenetic information in both types of
data.

Demonstration of species relationships. The ulti-
mate goal of molecular systematists is to construct
species relationships from gene phylogenies. However,
gene trees may not reflect accurately species phylog-
enies due to biological processes such as introgression,
lineage sorting, and gene duplication (Doyle, 1992).
Gene duplication, divergence after duplication, specia-
tion, divergence following speciation, and concerted
evolution may yield gene trees with complex ortholo-
gous and paralogous homologies.

Simulation studies by Sanderson and Doyle (1992)
suggested that correct species phylogenies can be in-
ferred from genes which have undergone either very
strong or little concerted evolution. As we have demon-
strated, betvl homologues have undergone relatively
strong concerted evolution. Empirical phylogenetic re-
sults of Betulaceae and Fabaceae inferred from betvl
homologues were generally congruent with those in-
ferred from morphology and other molecules.
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Ease of sequencing. Most available sequences of
betvl homologues were from cDNA. However, genomic
DNA was used to amplify betvl and like genes by PCR
in hazel (Corylus avellana) and apple (Malus domes-
tica) (Hoffmann-Sommergruber et al., 1997). If rela-
tively conservative consensus primers can be designed,
the small size of the betvl sequence and the relatively
large divergence among taxa should be an advantage
for systematists to effectively use it phylogenetically. In
Table 4, we suggested family-specific primer pairs for
the Fabaceae, the Fagales, and the Rosaceae. In addi-
tion, the single intron—in all cases we looked into—is
small and its location is conserved.

Level of sequence divergence. The proportions of
nonsynonymous differences (Py) within Apiaceae, Betu-
laceae, and Fabaceae were 0-0.3360, 0-0.1630, and
0-0.2895, respectively, suggesting that betvl homo-
logues can generate enough characters for phylogenetic
comparisons at the intrafamilial level. Its utility at the
very deep level (e.g., between monocots and dicots) is
not recommended because a very high level of diver-
gence between the monocot Asparagus and other dicots
was found, ranging from 0.42 to 0.5430. The high level
of divergence among monocots and dicots may prevent
accurate sequence alignment across taxa and cause

TABLE 4

Suggested Amplification Primers
for Betvl Homologues

Primer Product Product
Taxon Primer sequence designation region size (bp)2
Fabaceae 5’ primer CCT GCT fabl 46 to 460 415
ACACTT TAC AAA
GCT
3’ primer AAC GTA fab2
ACC CTC AAT GGC
CTTG
Apiaceae 5’ primer GAG GTT apil 25 to 455 431
ACT TCT TCAGTC
TCAGC
3’ primer AGA TAG api2
GCC TCAATAGCC
TTGAA
Fagales 5’ primer ATG GGT fagl 1to 466 466
GTT TTC AAT TAC
GARP
3’ primer GTG TGC fag2
CAA GAG GTAGCT
CTC
Rosaceae 5’ primer: same as for rosl 1to 479 479
Fagales
3’ primer: TTG TAG ros2

GCATCG GAG TGT
GCC

2 PCR product length without intron.
b R means Aand G in equal amounts at this position.
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high homoplasy in phylogenetic analyses. Betvl-like
genes will be most useful at the intrafamilial level or
among closely related plant families.

Ubiquity of betvl homologues. Members of the betvl
multigene family, originally identified from B. verru-
cosa, have been found in 10 plant families: Apiaceae,
Asteraceae, Betulaceae, Boraginaceae, Brassicaceae,
Fabaceae, Fagaceae, Liliaceae, Rosaceae, and Solana-
ceae, representing Asteridae s.1., Rosidae s.I., and mono-
cots (Chase et al., 1993; Soltis et al., 1997). Complete
sequence data of betvl homologues were available for 7
of the 10 families except for Asteraceae, Brassicaceae,
and Fagaceae. A betvl homologue in Taraxacum offici-
nale (Asteraceae) was identified (J. D. Bewley, personal
communication); the protein reacted with a polyclonal
rabbit antiserum raised against Bet v 1, and the
protein was isolated and N-terminally sequenced. The
30 amino acids obtained so far showed a high similarity
with that of Api g 1 from Apiaceae. Most of the coding
sequence of a betvl homologue from Brassica oleracea
(Brassicaceae) has been obtained (M. Vanek-Krebitz,
unpublished). An N-terminal amino acid sequence of
Cas s 1, the major allergen from C. sativa (Fagaceae)
was reported by Kos et al. (1993).

Potential Limitations

The phylogenetic utility of this multigene family at
higher taxonomic level may not be appropriate due to
the relatively high sequence divergence among dis-
tantly related plant families [e.g., 0.5430 between
AocPR2A (Asparagus) and LEDI-1 (Lithospermum),
Table 3], which may prevent accurate sequence align-
ment and cause a high level of homoplasy. We therefore
need to be cautious in interpreting deep level phyloge-
netic relationships. One of the surprising results is the
relationships among Betulaceae, Fabaceae, and Ro-
saceae. Traditional morphology (Cronquist, 1988) and
the rbcL data (Chase et al., 1993) suggested a closer
relationship between Fabaceae and Rosaceae. The
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nuclear 18S rDNA sequences showed a closer relation-
ship between Betulaceae and Fabaceae (Soltis et al.,
1997). The betvl phylogeny supported a closer relation-
ship between Betulaceae and Rosaceae (Fig. 1).

In addition the betvl sequences available were mostly
from relatively advanced plant families of Asteridae
s.l., Rosidae s.l., and monocots (Chase et al., 1993;
Soltis et al., 1997). The root of the dicots (Fig. 1)
identified by the outgroup monocot sequences from
Asparagus falls in the middle of the sequences repre-
senting the highly derived Asteridae sequences (Apia-
ceae, Boraginaceae, and Solanaceae). This may be due
to the limited sampling or the lack of resolution of the
betvl gene family in constructing deep level phylog-
enies.

Furthermore the fact that nucleotide sequence differ-
entiation was detected within species and occasional
polyphyly was found for certain species (e.g., P. sa-
tivum) suggested that adequate sampling of clones
from PCR products is necessary and we need to be
cautious in interpreting “surprising” phylogenetic re-
sults.

In summary, phylogenies of Betulaceae and Faba-
ceae inferred from betvl gene trees were generally
congruent with those based on morphology and other
molecules. Betvl homologues have potential phyloge-
netic utilities at the intrafamilial level or among closely
related families in flowering plants.

APPENDIX

Alignment of the nucleotide sequences of the betvl
genes. All the available sequences of Betulaceae and
one sequence of each of the other families were chosen
to show the variation at different taxonomic levels.
Dots indicate identity with the Cor a 1c (Corylus)
sequence in the first row. Dashes indicate gaps at
insertion/deletion sites and “N” represents missing
data.
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APPENDIX
Cor a lc (Corylus) ATGGGTGTTT TCAATTACGA GGCTGAGACC ACCTCCGTTA TCCCTGCGGC AAGGCTGTTC AAGTCCTATG TCCTTGATGG CGATAAGCTC ATCCCAAAGG 100
Cor a la (Corylus) .. .. .. .
Cor a 1ld (Corylus)
Cor a lb (Corylus)
Car b la (Carpinus)
Car b 1b (Carpinus)
Car b 1/2 (Carpinus)
Bet v 1f (Betula)
Bet v 1i (Betula)
Bet v 1j (Betula)
Bet v le (Betula)
Bet v 1d (Betula)
Bet v 1h (Betula)
Bet v lg (Betula)
Bet v la (Betula)
Bet v 1-Scl (Betula)
Bet v 1-Sc2 (Betula)
Bet v 1lm (Betula)
Bet v 1ln (Betula)
Bet v 1lc (Betula)
Bet v lk (Betula)
Bet v 11 (Betula)
Bet v 1b (Betula)
Aln g 1 (Alnus)

cagel0 (Corylus)
Bet v 1-Sc3 (Betula)
cagcll (Corylus)
Mal d 1 (Malus)
L1R18A (Lupinus)
LEDI-1 (Lithospermum)
Gea 20 (Daucus)
pSTH-2 (Solanum)

AOPR1 (Asparagus) ...A. .TCAG GG.GC.GGAG CCAC...GT. G.TGT.2A.G ..

Cor a lc (Corylus)

Cor a la (Corylus)

Cor a 1d (Corylus)

Cor a 1lb (Corylus)

Car b la (Carpinus)

Car b 1b (Carpinus)

Car b 1/2 (Carpinus) .

Bet v 1f (Betula) = ....... o}

Bet v 1li (Betula) @ ....... C

Bet v 1j (Betula) = ....... C

Bet v le (Betula) = ....... c

Bet v 1d (Betula) @ ....... o]

Bet v 1lh (Betula) = ....... o]

Bet v 1g (Betula) = ....... C

Bet v la (Betula) = ....... R o .CC.

Bet v 1-Scl (Betula)  ....... C.. .A.CG... cc. 200
Bet v 1-Sc2 (Betula)  ....... C.. cG cCc. ... 200
Bet v 1lm (Betula) @ ....... C.. [e] ...ceT ... 200
Bet v 1n (Betula) = ....... C.. C . ...CCT ... 200
Bet v lc (Betula)  ....... C.. o] ...CCT ... 200
Bet v 1lk (Betula) = ....... C.. C ...CCT ... 200
Bet v 11 (Betula) = ....... C.. c ...CCT ... 200
Bet v 1b (Betula) @ ....... C.. .C.. ..CCT ... 200
Aln g 1 (Alnus) ..G.. CcC. 200
cagcl0 (Corylus) —  c..o....... R ¢ TC. 200
Bet v 1-Sc3 (Betula) = ........ G. GAACG... cc. .. 200
cagcll (Corylus) ....T..AA, G..C.. .. . ...CA.T... 200
Mal 4 1 (Malus) = ....... C.. G..A..C. . . D O O U € U T ..AG...GG 200
L1R18A (Lupinus) .GAT--~.G. GC.A.. .. . . LACACT.G 200
LEDI-1 (Lithospermum)  ........ G. .CA.G.C. . .. .. eee «....TGC.. TCAT..... A .. ..CAGTG.. 200
Gea 20 (Daucus) C...C..CGG ....TAC.AG ..T..C.. <JALLLL LG.CLLT.. ...GA.T... ....C..CC. ...---..T. ...CAAT..C 200
PSTH~2 (Solanum) L.GATG..A.. .——————=—= —=— LA «e «...A..G.. G.A..... TT ...---..TT CA.CAAT... 200

AoPR1 (Asparagus) ...TG...G. CTT....G.. . .. .G.. ..AGA.CAA. A.TCCT.CT. TA.C..T..G 200
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Cor a lc (Corylus) GTACGTGAAG GAGAGGGTTG ATGAGGTTGA CAACACAAAC TTCACATACA GCTACACCGT GATCGAGGGT GATG TCCTGGGTGA CAAGCTGGAG 300
COT @ 1a (COXYIUS) ettt titittieas tetataanee teieeaaaae eaaeaaeaae taaeeaeeas aaeeaaeens e laTTIIE= il eeeeaaaaan 300
Cor @ 1d (COrylUS) = = ciiiiiiias tiiianine teriinanee ceraaraeee B T e et e T it e 300
Cor a 1b (COorylus) = @ ittt ittt e rrraeeases e AL D i i e T T L ittt reaeaae e 300
Car b la (Carpinus) = . T...eiite vivnenennn senenenenne coaaGuuinn coi Al Al it it T [ 300
Car b 1b {(Carpinus) = .. Tt vinnnnonne sneennenee ceaGuiiir ci Al Bl ittt it T L [ 300
Car b 1/2 (Carpinus) T e Cov viiniee 300
Bet v 1f (Betula) C .G.C-——--- C.G....G.. ..CAT..... 300
Bet v 1i (Betula) C .G.C-———-- C.G....G.. CAT..... 300
Bet v 1j (Betula) C .G.C———-—- C.G....G.. CAT..... 300
Bet v le (Betula) C .G.Covommm C.G....G.. CAT..... 300
Bet v 1d (Betula) C .G.C-————- C.G....C.. CAT..... 300
Bet v lh (Betula) C .G.C-==--- C.G....C.. CAT..... 300
Bet v 1g (Betula) C .G.C-————- C.G....C.. CAT..... 300
Bet v la (Betula) C .G.C-—=-—- C.A.A..C.. CAT..... 300
Bet v 1-Scl (Betula) G..~—-——- CAG....C.. CA...... 300
Bet v 1-Sc2 (Betula) G..—————= CAG....C.. ..CA...... 300
Bet v lm (Betula) G..=————— CGT....C.. CAT..... 300
Bet v 1ln (Betula) G..—-————- CGT....C.. CAT..... 300
Bet v lc (Betula) G..~mmm—- CGT....C.. CAT..... 300
Bet v lk (Betula) G..—————- CGT....C.. ..CAT..... 300
Bet v 11 (Betula) C .G.C-—————- C.G....C.. ..CAT..... 300
Bet v lb (Betula) .G. - CGT....C.. ..CAT..... 300
Aln g 1 (Alnus) G..—————— C.G....C.. .GCA...... 300
cagcl0 (Corylus) G.C—————- C.G....A.. AG..... 300
Bet v 1-Sc3 (Betula) C .G.C-—==—- CAT....C.. ..CA...... 300
cagcll (Corylus) = C...AA... C.AA..... .A...A.... .C.AG..... ..TT....TC ......GT.. ...T..A..C ....————— CTT..TCC. A...... 300
Mal d 1 (Malus) . CTT..ACA. CCA.C... 300
L1R18A (Lupinus) Y il GGT...A... A.GTT.A... 300
LEDI-1 (Lithospermum) .GC.AGTTAT CAA.A.CG.. ...AA.CTT. 300
Gea 20 (Daucus) . «.CA---mmm ..TCTA.. ATTCA.C..A 300
PSTH-2 (Solanum) TG...AG..T .. .. ..TT. ...T..A..A ... .—==——= .T..T..A ..A..T..A 300
AoPR1 (Asparagus) .C.TGAC..G ... . .G...C. .G..A... .GA.————- GIT.A...A. G.T.T.T..A 300

Cor a lc (Corylus)

Cor a la (Corylus)

Cor a 1ld (Corylus)

Cor a 1b (Corylus)

Car b la (Carpinus)

Car b 1b (Carpinus)

Car b 1/2 (Carpinus) - ..G...

Bet v 1f (Betula) L.ALLCTA (L. LAALL Ll A WAA. . ---..G.G. 400
Bet v 1i (Betula) LALLCTA L. AR L. A.....AA.. ---..G.G. 400
Bet v 1j (Betula) LALLLCTA LLLLAAL. ceeeeee A.....AA.. ---..G.G. 400
Bet v le (Betula) LLALLCTA LLLLLAALL L., A.....RA.. -——..G.G. 400
Bet v 1d (Betula) .LALL.CLA LLLLAALL e A......A.. ---..G.G. 400
Bet v 1h (Betula) ...AAA..A .....AA.. .......... A......A.. ---..G.G. 400
Bet v lg (Betula) LLALAALLA LLLLLAALL Ll A......A.. ——-..G.G. 400
Bet v la (Betula) LALLCA LLLLLAALL e A, WAL ---..G.G. 400
Bet v 1-Scl (Betula) LALLLLLA LA L C.. - .G. 400
Bet v 1-Sc2 (Betula) ..JALLLLA LLLLLAALL Ll C.. .. v - .G. 400
Bet v 1lm (Betula) .LAT...A ..... AA.. tiverennnn A......A.. - .G. 400
Bet v 1n (Betula) AT.LLA L. AA.. ool A.. \A.. -—-....G. 400
Bet v 1lc (Betula) AT...A ..... AR, iiinennnn A......A.. --=-....G. 400
Bet v 1k (Betula) AT...A ..... AA.. ... A......A.. -—....G. 400
Bet v 11 (Betula) A...C.A ..... AA.. ..., A......A. --~..G.G. 400
Bet v 1b (Betula) A.T...A ..... AA.. il A. ..A.. ---....G. 400
Alng1l (Alnus)  ........TA .....AC.. .......... .WAL. ---....A. 400
cagcl0 (Corylus) R WAL .——=..G.GG 400
Bet v 1-Sc3 (Betula) T.o... C .. . T---C.C.C. 400
cagcll (Corylus) = ..AA..AATT .....A.C.. .......... T.. . .———.AC.C. 400
Mal d 1 (Malus) T.G...... TGT---..AA .T..TG .---.A..C. 400
L1R18A (Lupinus) TT..C.T .G..... AL . . -—-GT.C.AT 400
LEDI-1 (Lithospermum) . A..T.A.T.. AG..... AA. ...... G..A A.CT.CA.GT T.TGTG..A. ..T..CT. G.---.AGG. ACAACTC.C. 400
Gea 20 (Daucus) TCCA.TGAAA C.C.TA..GT AG.T...C.. A.TG...AC. LTAG. . .CTGC..TA. ..... A.... ...C..-——. .CCGT.G..C 400
PSTH-2 (Solanum) TCCA.T.C.T .T..T..C.. AT.T.AA..T CATGGAAA.. ...... GTG. T.GC...TCT .TA.CTG... A....AA.. ...... TT.. .---T.T.G. 400

AOPR1 (Asparagus)

TGT.C.AC.A CTC.CT.C..

.T.C.A.C.C T.GAGCAAC. .T....G.C.

.G.C...G.G .CTGCATCC. A.A.GATTCT CCCA.GTGTC .CCG.TGAG. 400
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Cor a lc (Corylus) ATGCAGAGGA GATCAAGGGT GCCAAAGAAA TGGCCGAGAA ACTTTTAAGG GCGGTTGAGA CCTACCTATT GGCACACTCT GCTGAATACA ACTAA 495
Cor a la (Corylus) = ..eivniuere onn Gttt i e Bl it et ietae te et e eecaes bttt e e 495
Cor a 1d (Corylus) @ c.ivivuinven onn But et es etrteaeaee eeeaeeaee aeeeeeeeee eeaaaaaeae saseeecnas eraiaeiee aeeaaeaeae e 495
Cor a 1b (Corylus) = .....ivven onn Bt ittt ittt e e eeeeaeaaen ehesaaaee heeeeeaaae hesaaaeeae seaaaanaee saean 495
Car b la (Carpinus) = ........ N [ . [ PN 495
Car b 1b (Carpinus) P Gt ittt ittt et ettt heeeeeaeee eeaeaaaean G..o.ott Cov vvevnn - S 495
Car b 1/2 (Carpinus) Lo e Gttt itiettens esessanese covssssscs sssssessne G...... C.. coannt. Al ittt e 495
Bet v 1f (Betula) .G....oCo L T....CAAGT. ..l ... GA....C ...... G... .. Coovnnn G...... Cov vvinnnn C .A..CC.... ..... 495
Bet v 1i (Betula) .G......C. ...T....CAAGT....... ... GA....C ...... G... .. Covvnnnn Govuunn [N C .A..CC.... ..... 495
Bet v 1j (Betula) .G......C. TL....CAAGT....... ... GA....C ...... G... .. Covnnnn G.o.oo.on [N C .A..CC.... ..... 495
Bet v le (Betula) G.....Co LLT....CAAGT....... ... GA....C ...... G... .. Covvnnn G...... Cov viieinn C .A..CC.... ..... 495
Bet v 1d (Betula) .G......C. .G.T....CAAGT....... ... G..... C ...... G... .. Co...... G...... Tov veivennn. C .A..CC.... ..... 495
Bet v 1lh (Betula) .G......C. .G.T....CAAGT....... ... G..... C ..., G... .. Cooo... G...... ! Y C .A..CC.... ..... 495
Bet v 1g (Betula) .G......C. .G.T....CAAGT....... ... G..... C ..., G... .. [ G...... Tee tevinnnn. C .AC.CC.... ..... 495
Bet v la (Betula) .G......C. .G.T....CAAGT....... ... G..... C ... G... .. Cooinnns G...... Cov tevinnnnn C .A..CC.... ..... 495
Bet v 1-Scl (Betula) .G.. ..Co LL.T....C. AG........ A,..T...GC ...... C... .. Covvnnns G...... Coe tinieiiees A..CC..T. 495
Bet v 1-Sc2 (Betula) GoolloCo LT CLOAGL L. A...T...GC ...... C.o.. .. Covvinns G...... Cov iiiiiiiie A..CC..T. 495
Bet v 1lm (Betula) .G......C. T..G....C. ATT....... A..G....GC ...... G... .. Counnn A. G..vn.n Cov veiiiinnn A..CC.... ..... 495
Bet v 1n (Betula) .G......C. T..G....C. ATT....... A..G....GC ...... G... .. Covnnn A. G...... Cov vvniiiienn A..CC.... ..... 495
Bet v 1lc (Betula) .G......C. T..G....C. ATT....... A..G....GC ...... G... .. Covvnnnn G...... Cor e A..CC.... u... 495
Bet v 1k (Betula) G......C. T..G....C. ATT....... A..G....GC ...... G... .. Covennnn G.o..... Cov veiiiiiea . A..CC.... ..... 495
Bet v 11 (Betula) .G......C. .G.T....CAAGT....... ... G..... C...... G... .. [ G...... L C .A..CC.... ..... 495
Bet v 1b (Betula) .G......C, T..G....C. ATT....... A..G....GC ...... G... .. Cooinnns G...... Cov iiiiinnen A..CC.... ..... 495
Aln g 1 (Almnus)  ........ C. ...T...AT. .AA....... A..... T.GG ....C.C.A. ..C.. R ¢ Cov v . A..CC.... ..... 495
cagcl0 (Corylus) = ........ C. T..T...... . [ A..T....GG T..... Cove tiiennnns G iivvnnn Cov vveiennnn C .A..CC.... ..... 495
Bet v 1-Sc3 (Betula) BAGLL. e T....CC .G........ A..G..CCGG ...... C.A. ..T....... A...... CG. ....... C.AAA..CC.... ..... 495
cagcll (Corylus) G.AC...C. ...T....C. .GA..... G. A .TCAGG ...... C.AA ..T...... GG...... Cov tivinenn C .A..CC.... ..., 495
Mal d 1 (Malus) .G.A....C. CG...... TC .GA..... G. A..GTC.TGG TT.G..C.A. CTTA...... G...... caa GC C.G .A..CC.... ..... 495
L1R18A (Lupinus) CA.A.ACT.T .CGTG.TCAA ..A...TTC. A..GACTTGG ......T.A. ..AA....AG GT..TG.T.. ...... TC A.T.C..G. NNNNN 495
LEDI-1 (Lithospermum) C..AG..T.. AG.T....AG AG....... G GA..TCTTGG ....C.T.A. ..T.....AG .TC.TG.C ..CA...AA NNNNNNNNNN NNNNN 495
Gea 20 (Daucus) C..AG...A. C...... TT. ..AG.T.CTC A.AA.ACTGC T.. C.A. ..TA..... G ..., CA. T..TA.T.AA NNNNNNNNNN NNNNN 495
pSTH-2 (Solanum) .G.AT..A.. ACA...T.AA .G.C..A..C AA.G.AT.G. ......C.A. ATT..... AG .A..... cC. C..CA.TC.. T...TC...G CT... 495
AOPR1 (Asparagus) G...GA...C ..AGG....A ATA.CCA.C- --——-—-——- -.ACA.G.A AACC..AG .T..... CC. A..CA..C.AA...CC...G TT... 495
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