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Abstract: The averaged genomic similarities based on multilocus randomly
amplified polymorphic DNA (RAPD) were calculated for eight species
representing three sections of the genus Vicia: faba, bithynica and narbonensis.
The frequency of appearance of the sequences corresponding to 25 decamers
selected at random from genomes of different Fabace species was checked, and
a high correlation with the frequency observed for Vicia allowed us to assume
their similar weight in typing Vicia species. The RAPD-based similarity
coefficients compared with those related to whole genome hybridization with
barley rDNA and those based on restriction fragment length polymorphism
(RFLP) revealed similar interspecies relationships. The averaged RAPD-based
similarity coefficient (Pearson’s) was 0.68 for all the species, and was section-
specific: 0.43 (bithynica), 0.50 (faba) and 0.73 (narbonensis). The averaged
similarity coefficient for V. serratifolia (0.63) placed it apart from the rest (0.75)
of its section. The results correspond to the interspecies relationships built upon
non-genetic data. The averaged similarity coefficient for particular RAPD was
related to the presence and type of tandemly repeated motif in a primer: 0.7-0.8
for heterodimers (GC, AG, CA, GT, CT), 0.5-0.6 for homodimers (CC, GG) and
0.6 for no repeat, indicating the sensitivity of diversity range to the type of target
sequences.
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INTRODUCTION

The genus Vicia belongs to the Legumes, one of the largest families of flowering
plants, representing tremendous morphological, ecological and genetic diversity.
It includes approximately 170 species [1]. About 40 species, mostly of
Mediterranean origin, are cultivated worldwide [2], while about 10 cultured
species (e.g. V. sativa, V. villosa, V. faba, V. cracca) are a significant source of
fodders, green manures and forages. The extensive research into legume
genomes carried out over the past decade not only yielded considerable sequence
data, rich enough to perform whole genome comparative analyses, but it enabled
the establishment of the methods suitable for this type of investigation [3-7].
These include detection of sequence linkage equilibria, RFLP, RAPD or
microsatellite-based mapping, and identification of associations with
morphological traits or isozyme patterns. To assess the general taxon internal
diversity, one has to include overall sequence homologies and the conservation
of their order (synteny). Colinear RFLP maps and a close phylogenetic
relationship are good indicators of local colinearity, but detailed analysis of the
targeted local region is necessary to reveal microcolinearity, which in plants is
regarded as an especially useful tool for plant gene identification and study, and
for the comparison of many plant genomes [6]. Microcolinearity is observed
even between distantly related species; therefore, loci marker probes can be
obtained allowing for comparative research on different individuals [8].
Elsewhere, instead of one-to-one colinearity, the distributed network of synteny
was discovered [9-11]. Besides the number of comparative experimental data
types, statistical methods of sequence analysis were proposed for searches of
regions of homology [12, 13].

Several Vicia species characteristics (biochemical, molecular, karyotype, genetic
etc.) have been described, leading to a general picture of the diversity within this
genus [14-20]. Comparative analysis of the above-mentioned data sets revealed
some discrepancies in the resulting species arrangements within the Vicia genus,
and thus a need for a common strategy for data ordering stimulated the search
for genomic markers related to the general taxon specificity.

The equivalence between taxonomic interspecies order and species-specific trait
relationships and the identification and location of important genes and
sequences has been investigated in particular detail in V. faba [21, 22]. Its large
genome, one of the largest amongst the legumes at 13,000-26,000 Mb [23],
seriously complicates the development of saturated linkage maps [24].

The conservation of numerous chromosomal regions in Vicia based on isozyme
loci has been suggested [25]. The information concerning gene arrangement on
the genome is recognized as crucial for genome structure evolution. Different
kinds of DNA standard markers are considered especially useful for cross-
referencing genetic information to reveal areas of homology and to establish
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genomic rearrangements [3, 26]. There is particular interest in the RAPD
markers tightly linked to genes or quantitative trait loci (QTLs) of agronomic
significance (rust resistance, broomrape resistance, Ascochyta fabae resistance)
[22, 27, 28]. However, ribotyping [29], RFLP analysis [17, 30] amplified
fragment length polymorphism (AFLP) [31], microsatellites [21, 32], dispersed
[33] and tandem repeats [34], and transposon distribution [34-37] are still of
particular importance. Such a variety of genetic typing results encourages
investigation of the extent of equivalence between the diversity related to the
whole Vicia genome and the diversity related to non-genetic features, in
particular the extent of equivalence between the whole genome-related similarity
of the species and their similarity based on a limited genomic representation
referring to a randomly selected set of /oci.

In this study, we investigated Vicia faba and a group of its close relatives (eight
species: V. bithynica, V. faba, V. galilaea, V. hyaeniscyamus, V. johannis,
V. kalakhensis, V. narbonensis and V. serratifolia, representing the narbonensis,
bithynica and faba sections) [38] with the aim of estimating the genetic diversity
among the selected Vicia species, based on the averaged genomic relationships.
We also examined the effectiveness of averaged simple genetic characteristics in
the description of groups of species.

MATERIALS AND METHODS

Plant material and genomic DNA isolation

Plant material was obtained from the collections of the International Center for
Agricultural Research in the Dry Areas (ICARDA) in Aleppo, Syria (seven
species) and the Plant Breeding Station in Olsztyn, Poland (V. faba). All the
accessions are listed in Tab. 1.

Tab. 1. Vicia cultivars and accessions used in this study.

Crop and IG Section Species Subtaxa Origin
number
110 60059 narbonensis V. narbonensis var.aegyptica Greece, Crete
932 60881 narbonensis V. bithynica - Italy
4199 64148  bithynica V. bithynica - Syria, Lattakia
2130 62079  narbonensis V. serratifolia - Turkey
3119 63068  narbonensis V. johannis var. procumbens  Syria, Lattakia
4159 64108  narbonensis V. hyaeniscyamus - Syria, Homs
4182 64131 narbonensis V. kalakhensis - Syria, Homs
6031 32210  narbonensis V. galilaea - Italy
812142116  narbonensis V. eristalioides - Italy
32717 faba V. faba subsp. Minor Poland

The total genomic DNA was extracted from an approximately 5-mm long
section of the apical root (meristem). The frozen meristem material (1 mg) was
disrupted by grinding in liquid nitrogen prior to cell lysis, and digested by
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RNase-A in a lysis buffer at 65°C. DNA extraction (DNeasy Plant Mini Kit,
Qiagen) was followed by spectrophotometrical quantification of the DNA
amount at 260 nm (Hitachi 2000). Subsequently, the DNA solutions originating
from separate accessions were collected together to form the final mixtures, each
consisting of 7-10 individual genomic DNAs.

Ribotyping

Ribotyping was performed according to the procedure described above (with
BamHI digestion of the total DNA sample series). The same hybridization
conditions were applied. The plasmid pTA71, including the barley 5.8S, 18S and
25S rDNA genes (without spacers), was used as a hybridization probe [39]. The
barley genes are evolutionarily far from the equivalent sequences of particular
Vicia species. Therefore, in numerical calculation, they might safely be assumed
as approximately equidistant from each of them.

Southern hybridization analysis

Two endonucleases, BamHI and Bgl/ll, were applied for the two separate DNA
sample series digestions. Digested genomic DNA samples (8 pg per lane) were
fractionated by electrophoresis in 1% (w/v) TAE-agarose gels (40 mM Tris,
1 mM EDTA, pH 8.0, 1.14 ml acetic acid/L), before alkaline transfer to nylon
membranes (Hybond N+, Amersham). Then they were denaturated, hybridized
and detected under standard conditions [40]. The filters were immobilized to
2p_labelled total DNA from Vicia species as probes (labelled by nick
translation). Stringent washes were carried out at 65°C in 0.5 M sodium
phosphate buffer, pH 7.5.

RAPD amplification

The amplification of genomic DNA was performed according to the procedure
of Williams [41] with a minor modification related to the temperature profile.
The reaction mixture included 10 mM Tris-HCI, pH 8.3, 50 mM KCI, 2 mM
MgCl, (Finnzyme, Finnland), and 0.2 mM dNTP (Promega, USA). The aliquot
of 25 pL contained the reaction mixture, 30 ng of primer (SIGMA-ARK,
Germany), 5 ng of genomic DNA, and 2 units of thermostable polymerase
Dynazyme™ (Finnzyme, Finland) and Milli-Q water (Millipore, Austria). The
temperature profile included initial denaturation at 95°C for 1 min., followed by
35 cycles (denaturation at 94°C for 1 min., annealing for 1 min. and extension at
72°C for 2 min.) with a final extension step at 72°C for 10 min. The temperature
of annealing was primer-specific and was each time 5°C below its melting
temperature (supplied by the manufacturer). The amplification was performed in
thin-wall vials (MJ Research, USA) in a Uno II thermocycler (Biometra,
Germany). The amplification products were separated against a molecular-
weight marker (100-bp DNA ladder, MBI Fermentas) in 1.5% agarose gel and
TAE buffer (40 mM TRIS-acetate, 1 mM EDTA, pH 7.8) at 80 V in an MGU
602T electrophoresis unit (CBS Scientific, USA). The gel stained with ethidium
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bromide was visualized under ultra-violet light and documented using
a computer image system (Vilber Lourmat, France).

BLAST searches

A homology search for 25 decamer oligonucleotides that were applied as primers
for RAPD was carried out to estimate the frequency of their appearance in the
Vicia genome. The search was performed with the aid of the Basic Local
Alignement Search Tool (BLAST) program, version 2.2.8 (NCBI:
http://www.ncbi.nlm.nih.gov/BLAST). The search concerned the following
databases: Nr (‘Non redundant’, i.e. all GenBank+EMBL+DDBJ+PDB
sequences), ‘Chromosome’ and HTGS (Unfinished High Throughput Genomic
Sequences; Sequences: phases 1 and 2, but not those of phase 0). The search limits
were the same for all the search series (E = 5000). The common search was
performed across the database, with a common wide taxonomy limit
(e.g. Viridiplanteae, Magnoliophyta, Fabaceae, etc.) to ensure the same chance of
selection for each species [42], and then the resulting hit numbers were split
between species of interest. The species selected for comparison were Vicia faba
(Viciae), Pisum sativum (Viciae), Phaesolus vulgaris (Phaseoleae) and Glycine
max (Phaseoleae). An additional search concerning Arabidopsis thaliana
(Brassiceae) was performed across two databases, ‘Non redundant’ (Nr) and
‘Chromosome’.

The averaged hit numbers (i.e. the frequency of the appearance of particular
primer sequences in the genome) were designed for the two species (G. max and
P. sativum) represented in the database by a relatively large number of sequences.
Then, the interspecies differences in the hit numbers related to particular decamers
were applied as the first approximation of the error related to average values. The
averaged hit numbers accompanied by the appropriate errors were subsequently
used to extrapolate the hit number value related to the Vicia genus. The correlation
between hit numbers found for individual species was calculated using Statistica
5.1 software.

Computer-assisted electrophoretogram analyses

The numerical analysis of electrophoretic patterns was performed with the aid of
the GelCompar programme (Applied Maths, Kortijk, Belgium) applying
product-moment correlation (Pearson’s) and the unweighted pair group method
using arithmetic averages (UPGMA) [43]. For the inter-track comparison, the
similarity coefficient of Nei was applied. Only amplicons greater than 200 bp
were analysed. The values of the similarity coefficient matrices (GelCompare
software, ‘Fine alignement’) were transformed to Fisher z for further numerical
analysis [43]. The dendrogram of generalized interspecies relationships was
constructed by means of the UPGMA algorithm based on averaged Pearson’s
correlation coefficients (Statistica 5.1, Statsoft).
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RESULTS

Genomic DNA mixtures of eight Vicia species were analyzed in a series of RAPD
tests. Each mixture consisted of DNA isolates originating from several separate
accessions. The amplification products were separated electrophoretically, then the
electrophoretic pictures were subjected to computer assisted analysis as described
in the Materials and Methods section. Finally, the resulting similarity matrices
were applied for the common clustering analysis and for the calculation of the
averaged interspecies diversity.

Accuracy of the RAPD test

The accuracy and repetitiveness of typing were verified for each species of
interest. For each species, a set of three different DNA mixtures was used in
tripled accuracy testing procedures including the isolation of meristemic DNA
and amplification. R03, R07 and RO8 were the three different RAPD markers
applied for each mixture. The general accuracy was higher than 89%. The
exceptions were V. faba for R0O3 and V. narbonensis for RO8, for which the
differences were much greater. These differences in the amplicon pools
generated for particular species were limited to one or two bands. The greatest
diversity, observed for V. faba, was additionally tested on the next six distinct
genomic mixtures. As no further differences were found (data not shown), the
observed discrepancies were interpreted as resulting from genome structure
differences, and the experimental error was approximated as not exceeding the
value related to molecular weight marker electrophoretic resolution.

The equivalence of primer-based representation of related genomes

The set of decamer primers selected at random was tested to check if it
represents particular plant genomes with similar significance, prior to detailed
interspecies diversity measurement. The frequency of their appearance in the
plant genome of species closely related to Vicia faba (Pisum sativum, Glycine
max and Phaesolus vulgaris) was compared [9, 11, 44-46].

The decamer distributions are shown in Fig. 1, which presents the comparison of
the hit numbers found in the organellar, nuclear and transposon sequences. The
latter class of sequences was distinguished because of the significance of the
transposable element amplification for plant genome size variation [8, 33, 47]
and because of the copy number of transposable elements in the Vicia genome,
which reaches up to 10° [35]. The histogram of similarities found for most of the
applied decamer sequences for the three species (P. sativum, G. max,
P. vulgaris) and the genus Vicia illustrated the general correspondence existing
between their genomes.

The correlation between Vicia and P. vulgaris was high (+* = 0.680, p < 0.0001),
similar to that for P. sativum (+* = 0.833, p < 0.0001) and for G. max (+* = 0.755,
p < 0.0001). A high correlation was also found between Vicia and A. thaliana
(** = 0.654, p < 0.0004, and > = 0.768, p < 0.0001 for the search across the
‘Chromosome’ database). As the homologues to the RAPD markers resulting
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Fig. 1. The averaged frequency of appearance of decamer sequences applied as primers
for RAPD, calculated for: A - two close relatives of V. faba (P. sativum, G. max);
B - A. thaliana. The search was performed across the ‘Chromosome’database, related to
primers from ROl up to R16 and ‘split’ to separate chromosomes. The search was
carried out using BLASTN 2.2.8 across the NCBI sequence database Nr (the number of
descriptions = 1000; number of alignments = 1000; E = 5000). The calculation error was
designed as the difference between individual hit numbers.

from the databank searches are mostly genic, the RAPD results might represent
the relationships referring to the coding regions of the genome. That is also
suggested by the high correlation with A. thaliana sequences [5, 48].

To estimate the hit frequency for Vicia (the sequences of which are relatively
infrequent in the databases), the averaged number of hits was calculated for the
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relatively close species G. max and P. sativum, sequences of which are
substantially present in the databases. The correlation between the hit numbers
for these species was very high (#* = 0.919, p < 0.0001), between the averaged
(over G. max and P. sativum) hit frequencies and frequencies for Vicia, 0.807
(p < 0.000001). The error of the predicted hit number distribution in Vicia was
estimated by the differences in the corresponding hit frequencies in G. max and
P. sativum (Fig. 1).

The described correspondence in hit frequencies observed for different species
suggests that despite the relatively limited data for particular Vicia species
(Fig. 1), similar rules of genomic sequence distribution should be valid for the
analysed genus, and that in the genomes more closely related to Vicia, there
exists a similarly significant degree of correlation. That corresponds with the
known simultaneous multi-gene inter-genome homology [25] and suggests that
a random set of decamer sequences should possess similar significance for the
comparisons of such genomes.

RAPD-based genetic diversity
For six oligonucleotides (RO1, R03, R08, R15, R18 and R19), the averaged
amplicon numbers were higher than six per track, while for four (R20, R21, R23
and R27), they were lower than three (Tab. 2). The amplicon length generally did
not exceed 2 kb, and mostly ranged from 200 bp to 700 bp. The widest range of
band length (up to 450 bp) was observed for RO1, R03, R07, R18 and R15, while
the narrowest (up to 300 bp) was for R06, R11, R16, R20, R22 and R27. For only
a few decamers was an amplicon common to all the species observed. For 84.5%
(21/25 tests) of the decamers, products common to the entire narbonensis section
were generated, while for 16.5% (4/25 tests) of the decamers, no common band
was observed in any group bigger than two species. The dendrograms formed as
a result of these analyses were strongly diverse in their shape and global homology
level. About 20% (5 tests) of them were stair-shaped, while about 80% (20 tests)
formed more or less distinct clusters. In about 20% of the results, the greatest
distance in the interspecies homology level exceeded 80%.
For most of the RAPD tests (Tab. 2), all six species of the narbonensis section
were rather similar and their electrophoretic patterns formed common clusters,
while the species representing the faba and bithynica sections remained separated.
The internal homology level of narbonensis ranged between 95% and 30% (in
stair-shaped dendrograms). V. bithynica and V. faba were gathered out of the
narbonensis section, or the difference related to them was lower than the
interspecies differences inside this section. These two species were occasionally
included into the narbonensis section. They were sometimes clustered together.
Three types of gathering patterns distinguishing separate sections were observed
(Tab. 2):
i. In 14 experiments, the species of the narbonensis section were gathered
together, while V. faba and V. bithynica clustered together out of this section,
or were weakly associated with it (R05-R08, R11, R15, R16, R18-R23, R25).
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Tab. 2. A comparison of dendrogram topologies. The dendrogram errors are indicated as
narrow rectangles. Some repeated motifs in the primer sequences are underlined. The
species names are abbreviated as follows: V. bithynica — B, V. faba — F, V. narbonensis —
N, V. hyaenicyamus — H, V. galilaea — G, V. kalakhensis — K, V. johannis — J,
V. serratifolia — S.
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ii. In 6 experiments, only one of these two species was separated from the
narbonensis section; the separation of V. faba and V. bithynica was distinct in
three tests each for RO1, R03 and R14 and R02, R09 and R24, respectively.

iii. In 9 experiments, V. serratifolia was also separated from the narbonensis
section, usually either with V. bithynica or V. faba (R02, R07, R08, R10, R12,
R20-R23).

Interestingly, in 3 RAPD tests (RO1, R10 and R16), V. narbonensis was found

outside its own section. In one test (R16), V. bithynica and V. faba were also

more similar to V. narbonensis and clustered altogether out of the narbonensis
section. In one test (R12), V. serratifolia was significantly excluded from the
narbonensis section, while in eight subsequent tests, it was clustered together
with V. bithynica and V. faba. A high homology level (>60%) between the
species(V. narbonensis, V. johannis, V. hyaeniscyamus, V. kalakhensis,
V. galilaea and V. serratifolia) was observed for 14 out of the 25 RAPD tests,
while it was low (<50%) for 9.

Ribotyping

Hybridization with a plasmid pTA71 including barley rDNA as a probe showed
interspecies relationships very similar to those obtained from RAPD analysis.
The experiments revealed the strong internal consistency of the narbonensis
section (more than 95% homology), the separate nature of the faba section (25%
homology) and the completely separate features of the V. bithynica pattern (less
than 10% homology with the rest of the species). Also, an uncertain position for
V. serratifolia was observed (Fig. 2A).

RFLP-based interspecies diversity

Out of the pool of eight cross-hybridization experiments among all the Vicia
genomic DNAs, two were arbitrarily selected for numerical validation of the
RAPD-based results. The total genomic DNA of V. johannis was used as a probe
for the total genomic Vicia DNAs digested with BamH. In the second
experiment, the total genomic DNA from V. narbonensis was used as a probe for
a Southern hybridization experiment with the total genomic DNA digested with
Bglll endonuclease. Both experiments yielded a similar series of bands common
to all the species included in the narbonensis section. For V. johannis
hybridization, there were two common bands, while for V. narbonensis
hybridization, there were four (Fig. 2B and C). The dendrograms generated for
each experiment were similarly stair-shaped; however, in both, the most distant
species was V. bithynica, then V. faba, while the minor differences appeared
inside the narbonensis section. While, according to V. johannis-based
hybridization, the closest relationship linked V. galilaea and V. kalakhensis, in
V. narbonensis-based hybridization, V. galilaea was the nearest neighbour of
V. johannis. In both tests, V. narbonensis was placed between the narbonensis
section and V. serratifolia (data not shown).
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Fig. 2. The results of ribotyping and two whole-genome Southern hybridization analyses.
The species names are shown at the top of each gel, with the symbols as follows:
B — V. bithynica, E — V. eristaloides, F — V. faba, N — V. narbonensis,
H — V. hyanicyamus, G — V. galilaea, K — V. kalakhensis, J — V. johannis,
S — V. serratifolia, B(i) — V. bithynica (Italy), B(s) — V. bithynica (Syria). A - Ribotyping.
Hybridization with a plasmid pTA71 including barley rDNA as a probe. B - RFLP
analysis. Southern hybridization of the total genomic DNA from V. johannis with the total
genomic Vicia DNA digested with BamHI. C - RFLP analysis. Southern hybridization of
the total genomic DNA from V. narbonensis with the total genomic DNA digested with
Bglll. The scale on the two edges of each picture was used for the normalization procedure.
D - The dendrogram correlations (UPGMA) among the species. The scales shown above
the dendrogram represent the level of homology between the investigated probes. The
values of the clustering errors are shown as narrow rectangles positioned at appropriate
dendrogram nodes. V. eristaloides is not included in the cluster analysis, as it was not
included in the other experiments.

Primer-specific interspecies characteristics

Two numerical values were calculated for each similarity matrix to characterize
and compare the interspecies relationships based on particular RAPD typing: the
average of the Pearson’s correlation coefficient values (Cksim) and the variance
related to this average. All the RAPD tests were divided into five groups
according to the repeated motif present in the primer. Then, the C, values
were placed on the diagram as a function of the approximated genomic primer
frequency, vi (Tab. 3). The mean of these C*;,, values was similar in subsequent
vk intervals, suggesting the independence of interspecies relationships from
primer genomic frequencies (p < 0.01). However, for particular types of primers,
such adependence appeared to be significantly differentiated (Tab. 3). The
differences might reflect the rule that different sequences evolve at different
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rates, with the genes more highly conserved then repetitive sequences [8, 48].
When tandem GC, AG, GT, CA or CT repeats characterized the primer, a higher
value of the similarity coefficient (0.7-0.8) and a rather wide range of variance
(0.1-0.6) were observed.

Tab. 3. Global diversity for the analyzed group of Vicia species representing the faba,
bithynica and narbonensis sections. The species are described with the same
abbreviations as before (Fig. 2).

S N K J H G F Average interspecies

similarity/diversity

Csim ij — RAPD similarity coefficient

S 1.00

N 0.64 1.00 _

K 0.68 0.80 1.00 N=25

J 0.67 0.85 0.83 1.00 _

H 073 089 084 091 1.00 G 08

G 0.68 0.80 0.86 0.83 0.85 1.00 0'50 £

F 047 049 049 048 053 054 1.00 0'43 b

B 046 038 037 040 044 048 0.50 1.00 ’
A;j — dispersion of RAPD similarity coefficient

S 0.00

N 0.11  0.00

K 0.10 0.13 0.00 _

J 0.10 0.11 0.12 0.00 N=25

H 0.11  0.13 0.10 0.10 0.00 _

G 009 010 012 011 0.1 0.00 <A>=0.09

F 0.08 0.08 0.06 0.08 0.08 0.08 0.00

B 0.08 0.07 0.06 0.08 0.09 0.07 0.07 0.00
Cgim i — RFLP similarity coefficient

S 1.00

N 0.64 1.00 N=2

K 0.71 0.83 1.00 <A>=0.71

J 094 082 090 1.00

H 0.66 0.84 094 0.87 1.00 <Cgim>=0.56

G 0.68 0.75 0.99 091 0.99 1.00 0.89"

F 047 046 0.62 0.53 0.57 0.49 1.00 049"

B 0.60 0.15 -0.94 -0.14 0.75 0.12 0.23 1.00 0.05°

L . . . N=1

RFLP similarity coefficient (ribotypying) <Cy> = 64.1

*Cgim j is an averaged value of Pearson’s correlation coefficients calculated over 25 RAPDs. bAij is
a standard error related to Cg . “<Cgim> and <A> are the averaged values over the independent
values of the presented matrices of Cgy, 3 and Ay, respectively. dthe superscripts n, f, and b refer to
the sections narbonensis, faba and bithynica. °N refers to the number of the experimental series.
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Fig 3. Interspecific genetic similarity/diversity for Vicia species. A - Summarized
interspecies genetic similarity calculated in particular RAPD analyses for 8 Vicia
species. The ranges of similarity/diversity common to particular C*,, types are indicated
with the dotted ellipsoid curves. B - Summarized interspecies genetic diversity in
particular RAPD analyses for 8 Vicia species. C', is an averaged value of all
coefficients for the similarity matrix found in one test. The vy describes the frequency of
appearance of a decamer sequence in the Vicia genome. Five separate types were
distinguished, depending on the presence of a specific motif: (©) decamers, which
include the tandemly repeated tetramers or trimers GCAG, GATC or CTG (R06, R10,
R23); (A) decamers, with CC or GG repeats (R02, R07, R08, R21, R22, R25); (A)
decamers, with GC repeats (R03, R15, R18, R19, R20, R27); (m) decamers, including
other types of tandemly repeated dimmer, i.e. CA, CT, GT or AG (R01, R04, R0S5, R09,
R13); and (#) decamers without any tandem repeat (R11, R12, R14, R16, R24).

When a primer included CC or GG repeated motifs, a lower C¥;, value (0.5-0.6)
was accompanied by a rather moderate value (0.1-0.4) of the variance. The
primer sequences containing trimer or tetramer tandem repeats had rather high
(0.9) or moderate (0.6) C*;,, values and a lower variance (0.1-0.4), while primers
with no repeats gave a higher (0.6-0.9) C%, and wider (0.1-0.6) range of
variance (Tab. 3). Generally, the observed interspecies similarity was highest for
the loci related to a marker containing tandemly repeated heterodimers.

Averaged genomic similarity between Vicia species

The averaged similarity related to a random set of decamers (possessing
diversified genomic frequency) also noticeably separated the sections bithynica
(0.43) and faba (0.50) from narbonensis (0.73), and the corresponding averaged
diversity was also section-specific (bithynica: 0.07, faba: 0.08, and narbonensis:
0.1). For the individual species of the narbonensis section, the similarity
coefficients were as follows: V. serratifolia 0.63, V. kalakhensis 0.73,
V. narbonensis 0.73, V. galilea 0.75, V. johannis 0.76 and V. hyaeniscyamus 0.78
(Tab. 3, Fig. 4A). The final dendrogram structure revealed similar interspecies
relationships when particular correlation matrices were weighted by the relative
genomic frequencies of the appropriate primers (Fig. 4A, top right corner).
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Fig. 4. Taxonomic relationships among the Vicia species — the final dendrogram.
A - The averaged relationship between eight Vicia species found on the basis of
25 RAPD analyses. For calculations, the UPGMA (unweighted pair group method using
arithmetic averages) and euclidean distances were applied. In the top right corner, the
dendrogram is ‘weighted’ by primer genomic frequencies. B - Three RAPDs illustrating three
points in A. R11 represents low C* and high interspecies diversity, R16 represents low C* and
low diversity, while R03, located close to the center of the diagram, represents moderate
values. The species names are abbreviated as in (Fig. 2), M — molecular weight marker.

DISCUSSION

Microcolinearity, apparent in numerous plant genomes and recognized as
especially advantageous for their investigation [8], allows us to establish the
general features of the genome structure by means of comparative sequence
analyses. It is expressed by a relatively high degree of gene order conservation
observed between numerous species closely related to Vicia, as in, e.g. [9, 46,
49] but also with Arabidopsis [12]. Strong similarities appearing between the
DNA fingerprints of Vicia species published so far also seem to be the
consequence of the above-mentioned colinearity, related to the entire genome.
According to some RAPD analyses, to identify particular legume species, more
than four different primer sequences are needed [28]. Similarly, as shown in
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RFLP experiments [17], to assess a clear relationship between different Vicia
accessions, the simultaneous analysis of several patterns was necessary. The set
of decamers described here was arranged to cover a possibly wide range of
different types of genomic loci, but simultaneously to possess different GC
percentages and different genomic frequencies. It was found that for 25 decamer
sequences applied as RAPD primers, despite the observed particular differences,
the average value of the interspecies relationships resembled that based on the
taxonomically important phenotypic, biochemical or molecular data.

Averaged genomic similarity between Vicia species

The search was focused on the generalized interspecies similarity to overcome
the differences generated by clustering results related to the particular RAPD,
and effective relationships found among the species strongly resembled the
established taxonomic relationships (Fig. 3A). The averaged cluster analysis
revealed separated clusters of V. faba and V. bithynica, while all the species
forming the narbonensis section were gathered together. This appeared to be in
general accordance with our ribotyping-based UPGMA cluster analysis, but also
with the RFLP results (Fig. 2A). The average RAPD analysis seemed to confirm
the association of V. serratifolia with the narbonensis section. However, in all
three hybridization tests (RFLP and ribotyping), V. serratifolia was found to be
much less related to the section. The relationships between the remaining species
of the section were different according to each analysis, while the ribotyping
resulted in their nearly 100% identity. The RFLPs showed a much weaker
association between the species, and in each RFLP, different species were out of
the complex (Fig. 2B, 2C). The RAPD-based observation corresponds with the
fingerprinting results of other authors, e.g. with those presented by Van de Ven
[17]. However, according to him, two other species (V. galilaca and
V. hyaeniscyamus) were found to be especially similar. Some RAPD tests
resulted in different relative positions of V. faba, V. bithynica or V. serratifolia
to the narbonensis section. These results are consistent with the results of some
other authors, indicating that V. narbonensis might be found quite apart from the
species of its own section. The resultant correspondence of averaged similarity
coefficients found among eight Vicia species for the two tests (RAPD- and
RFLP-based Southern blot hybridization) suggests quite a wide-range genome
similarity, and a kind of equivalence between these two kinds of typing, i.e.
hexamer- and decamer-based (Tab. 3 and Fig. 3).

Relationships with a karyotype differences

The presented analysis referred to the species whose 1C ranged from 4.58 pg
(V. bithynica) to 13.35 pg (V. faba) [50, 51] with a mean of 7.96 pg. Cluster
analysis (Fig. 3A) gathered together four species with similar genome sizes:
V. hyaeniscyamus, V. johannis, V. narbonensis and V. serratifolia; 7.90 pg, 7.08
pg, 7.28 pg and 7.83 pg, respectively. A greater similarity was also shown
between the two species relatively distant according to genome size:
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V. kalakhensis and V. galilaea (9.18 pg and 6.52 pg). The observed discrepancy
between the RAPD clustering of Vicia species and their appropriate 1C values
might be related to different evolutionary paths of particular species [47, 52] .

In Vicia, apart from variations in chromosome number, there is a large-scale
variation in chromosome size, nuclear DNA content, repetitive and non-repetitive
DNA sequences and chromosomal repatterning in non-nuclear and nuclear
chromosomes. The results of Raina and Ogihara [29], and literature therein,
concerning rDNA repeat variability and length heterogeneity place V. faba and V.
bithynica outside the narbonensis complex. In the presented ribosomal
hybridization study, V. bithynica turmed out to be the most distant from the
narbonensis section (less than 10% similarity), while the second, V. faba, was
about 30% similar, and the third, V. serratifolia, about 75%. The internal
homology of the remaining five species of the narbonensis section was 95%.
According to the results reported by other authors, the analysis of rru-related
internal transcribed spacers (ITS) does not allow clarification of the
phylogenetic relationships within the narbonensis complex, suggesting the
possible relative conservativeness of the section [18]. This ITS alignement
located V. kalakhensis further from the other members of the group and slightly
distinguished the V. serratifolia species. Inside the section, the karyotype
analysis gathered together V. galilaea and V. johannis, separately from both
V. narbonensis and V. kalakhensis. It also widened the individual distance of
V. hyaniscyamus [18].

Relationships with phenotype diversity

The question to what extent the similarity between the investigated species
might correspond to relationships visible at the proteome level is partially
answered by several papers analysing the polymorphism of albumins,
isoenzymes  (dehydrogenases, superoxide dismutase) or  aspartate
aminotransferase [15, 16]. The analysis involved allele frequencies at eight
polymorphic /oci. According to the cited authors, the variation within species
revealed by UPGMA cluster analysis performed on a set of the narbonensis
section species along with V. faba and V. bithynica allowed the recognition of
V. serratifolia as placed peripherally in the narbonensis section (Nei’s genetic
identity < 0.7). Surprisingly, V. narbonensis was located apart from the rest of
the species of the section, but not as distantly as V. serratifolia (genetic identity
> (.7). The overall diversity calculation exposed the greatest distances within the
narbonensis section for V. faba (genetic identity < 0.4) and V. bithynica (< 0.5).
Furthermore, similar interspecies relationships were revealed by ortozyme data.
They separated both V. faba and V. bithynica from the narbonensis section,
while morphological features separated only V. bithynica from the section [15].
Hence, the presented interspecies similarity averaged over a random set of
genomic Joci remained in agreement with that related to loci of species-specific
enzymes and with the established taxonomic relationships (Fig. 4).
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CONCLUSIONS

The averaged RAPD-based interspecies relationships are in agreement with
RFLP-based and with rDNA-based typing results, confirming that averaged
values found on the basis of 25 markers are quite a good approximation of
interspecies relationships in Vicia. This suggests that interspecies relationships
visible in analyses of rDNA emulate those resulting from a series of short
random sequences. When included into analysis, the primer genomic frequencies
did not change the observed interspecies relationships.

The results validate the micro- and colinearity known for Fabaceae and are
congruent with data known from molecular and morphological taxonomy
records. The averaged similarity coefficient and its variance, both referring to
the particular RAPD test, produce an informative visualization of interspecies
relationships. The primer motif influences the result of interspecies relationships,
but in most cases keeps/maintains the relationships between the sections.
Genome description averaged over random loci proved to be an effective and
informative tool for interspecies analysis in Vicia.
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