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We examined the genetic variation at 12 isozyme loci at 14 populations of Matthiola
(Brassicaceae) representing the distribution of the species Matthiola incana, M. fruticulosa and
M. tricuspidata in the Sicilian insular system and adjacent mainland areas to gain insight into
the levels of variation. While the low polymorphism indicators for M. incana subsp. incana are
consistent with its presumptive origin through cultivation and the associated lack of gene flow,
M. incana subsp. pulchella and M. incana subsp. rupestris have only slightly higher indices of
polymorphism and they are probably neo-endemics. By contrast, the Sicilian populations M. tri-
cuspidata and M. fruticulosa subsp. fruticulosa have maintained a moderate-to-high polymor-
phism through an abundant genetic interchange. These two latter species are also closer gene-
tically than each of them to M. incana.

Introduction

The study of plant diversification on islands has proven of outstanding value to under-
stand population genetic processes in space and time (Givnish 1998). In contrast to main-
land areas, islands represent closed systems where the influx of immigrants is not constant,
and they usually have different habitats concentrated in a narrow area where we can link
the study of the mode and tempo of biological diversification (in most cases, the approxi-
mate ages of the islands are known).

However, insular systems do not constitute a uniform testing ground for biological
diversification, as they show differences that stem from (among many other factors) their
degree of connection to the landmasses. Based on this factor, a sharp distinction is made
between oceanic and continental islands depending, respectively, on whether they have
been attached to the continent in the past, or not (Moore 1979).

Up to now, studies that analyse comparatively the genetic structure of plant populations
in continental vs. oceanic islands are scarce or inexistent. Therefore, we are at a loss of
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insight into the relative importance of intrinsic and extrinsic factors on plant diversifica-
tion in islands of different nature.

The genus Matthiola R. Br. (Brassicaceae) is mainly Eurasian, and contains ca. 50
species of annual and biannual herbs, and perennial sub-shrubs characterised by a silicle
that features horns or swellings in its apical end (Appel & Al-Shehbaz 2003). Because of
its distribution, encompassing mainland and island areas from Macaronesia to
Mediterranean Northeast Africa, Matthiola represents an adequate model system to com-
pare the different patterns of diversification in continental vs. oceanic islands.

In this contribution, we report the first data on the levels of molecular population genet-
ic (isozyme) variation of these three species: Matthiola incana, M. tricuspidata and M. fru-
ticulosa from the continental island of Sicily, and the surrounding oceanic islands of Salina
and Pantelleria and several mainland areas from peninsular Italy. These results will be inte-
grated into a broader body of comparative molecular genetic and morphological data cor-
responding to other species of Matthiola with a view to understand the differences in plant
diversification processes between Macaronesian and Mediterranean islands.

Material and Methods

We sampled 14 populations of Matthiola (Table 1) representing the distribution of M.
incana, M. fruticulosa and M. tricuspidata in the Sicilian insular system and in peninsular
Italy. Although there is one known population of M. sinuata in Sicily, we did not sample
it because of its extreme exiguity. All sampled populations of M. incana subsp. incana are
in all likelihood ornamentals that have escaped cultivation and naturalised, whereas the
remaining populations included in this investigation are wild. We collected 2Kg of soil at
each of the sampled populations (except for Salina) for edaphic analyses on 14 variables
(Table 2).

Horizontal starch-gel electrophoreses proceeded according to the specifications in Table
3. Figure 1 illustrates the average resolution of the gels through the patterns obtained for
enzymes PGM and PGI, as well as the interpretation of the two pictured gels in the com-
puter program Transformer (Caujapé-Castells 2001), that was used to format the arising
data according to the specifications of the different population genetic programs used for
statistical analysis.

Average number of alleles per locus (A), percentage of polymorphic loci (P) and expect-
ed and observed heterozygosity (He and Ho) were calculated from genotype data using the
computer program BIOSYS-1 version 1.7 (Swofford & Selander 1988). Genestat (Lewis
1993) was used to obtain the values of Gst (Nei 1973), that estimate the proportion of
genetic variation that resides among populations. The matrix of allele frequencies was
implemented in NTSYS-PC (Rohlf 1993) to carry out a Principal Component Analysis
(PCA) based on the variance-covariance matrix. Gene flow was estimated according to the
values of Nm (Wright 1931) using the computer program Popgene (Yeh & al. 1997).

The relationship among geographic location, genetic makeup and edaphic composition
of the five areas sampled was further evaluated through Mantel tests (Mantel 1967). This
is a non-parametric statistical procedure that calculates the correlation between pairs of
distance matrices and tests its significance. Mantel analyses involved matrices of geo-
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Table 1. Sampling details of the 14 populations sampled (including the life form of each species) and
basic indicators of population genetic polymorphism as estimated from the isozyme analyses, A: ave-
rage number of alleles per locus; P: percentage of polymorphic loci; Ho, He: observed and expected
heterozygosity; N: the population numerical code (it corresponds with those in Fig. 1); n: he number
of samples analysed per population; * labels the mainland populations. Letters in parenthesis after the
population names are the population codes assigned.

N Species / Life form / Locality n A P Ho He
M. incana ssp. incana / Perennial subshrub

1. Salina (IIPS) 28 1.3 83 0.003 0.050

2. Palmi* (ITPA) 21 1.0 0.0 0.000 0.000

3. Balestrate (IIBA) 25 1.0 0.0 0.000 0.000

4. Monte Pellegrino (IIMP) 30 1.0 0.0 0.000 0.000

5. Pizzo Calabro* (ITPC) 27 1.0 0.0 0.000 0.000
M. incana ssp. rupestris / Perennial subshrub

6. Capo Zafferano (IRCZ) 22 1.0 0.0 0.000 0.000
M. incana ssp. pulchella / Perennial subshrub

7. Pantelleria (MIPP) 21 1.1 83 0.017 0.015
M. tricuspidata /| Annual-biannual

8. Isola delle femine (TRIF) 12 13 83 0.063 0.052

9. Campofelice di Roccella (TRCR) 16 13 16.7 0.063 0.074

10. Castel di Tusa (TRCT) 27 1.3 25.0 0.093 0.113

11. San Ferdinando Calabro* (TRSF) 32 1.7 333 0.050 0.144

12. San Isidoro* (TRSI) 30 1.6 41.7 0.090 0.134
M. fruticulosa ssp. fruticulosa / Perennial herb

13. Vallone Madonna degli Angeli (FFMA) 25 2.0 50.0 0.159 0.190

14. San Martino delle Scale (FFSM) 27 1.7 333 0.192 0.173

graphic (in km), genetic (Nei 1978) and edaphic distances between all pairwise combina-
tions of zones. Edaphic distances were calculated using the option ‘taxonomic distance’ in
the computer program NTSYS-pc (Rohlf 1993) after standardizing the values of the 14
variables derived from physico-chemical soil analyses (Table 2).

Results

The higher levels of polymorphism were detected in M. fruticulosa subsp. fruticulosa,
with values of average number of alleles per locus (4) and expected heterozygosity (He)
of A= 2.4 and H_= 0.201 (Table 1, Fig. 2) this is also testified by the large number of
subspecific taxa reported from Sicily (cfr. Lojacono 1888). The lowest levels of poly-
morphism were found in M. incana subsp. incana, with population averages of A= 1.06
and H, = 0.01. However, when all the populations of M. incana subsp. incana were
merged in a single assemblage (Fig. 2), the values of polymorphism increased sharply
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Table 2. Values of the 14 edaphic variables obtained after the soil analyses in the 13 populations for
which we could collect soil samples (all except for Salina). CTY: conductivity; OM: Organic matter.
OM, C, and the physical analyses are expressed in %. Amounts of K, Na, Ca and Mg are given in
meq/100g. Amounts of P an N are given in parts per million. Population codes are those in Table 1.

Chemical analyses Physical analyses
Population pH CTY CaCO; C OM K Na Ca Mg P N Clay Lime Sand
IIPA 760 228 044 026 048 05 086 1360 440 1100 35 3920 1790 2595
1IBA 818 103 2464 021 036 01 031 1120 080 239 5 1357 4359 760
1IMP 769 155 066 161 277 039 028 2460 675 1740 25 820 1007 1535
1IPC 798 170 770 005 009 037 076 980 300 770 10 1805 697  74.90
IRCZ 800 147 022 131 226 163 054 842 474 1120 10 2645 1387 2765
MIpP 751 3020 044 060 103 09 1110 600 220 2030 375 852 702 5055
TRIF 768 177 2596 064 110 02 050 940 133 2360 15 985 090 8815
TRCR 776 90 1540 045 078 01 013 88 080 800 5 235 330 80.10
TRCT 785 78 330 022 038 01 010 640 082 400 0 177 469 9165
TRSF 755 201 066 005 008 012 058 135 065 970 20 827 290 8745
TRSI 789 243 2244 105 181 042 049 1110 350 1070 221 655 727  66.00
FFMA 808 42 814 022 038 01 010 630 275 300 0 1605 290 6480
FFSM 731 197 176 068 117 01 017 660 226 2600 44 1305 340 4160

(A=1.6 and H, = 0.131) by virtue of the conspicuous qualitative differences in allelic
composition among them.

The average value of Gst was high in M. incana subsp. incana (Gst = 0.759)
and only moderate in M. tricuspidaOta (Gst = 0.275) and M. fruticulosa subsp. fru-
ticulosa (Gst = 0.193), despite their much higher polymorphism (Fig. 2).

Estimates of gene flow through Nm values (Wright, 1931) between pair-wise combina-
tions of populations were considerably low in M. incana subsp. incana (average Nm =

Table 3. Gel/buffer systems used and isozymes resolved in this investigation. Slice: part of the gel
(from top to bottom) used to resolve the corresponding enzyme after gel slicing (any of the gels used
can consist of up to four stainable slices); EC code: numerical sequence used by the enzyme com-
mission to designate the enzyme; N: number of loci resolved per enzyme; A: number of alleles per
locus over all populations; Q: quaternary structure of the enzyme (d: dimer, m: monomer).

Gel / enzyme Slice Abbreviation ECcode N A Q
Morpholine-Citrate 6.1

6-phosphogluconate-dehydrogenase 1% 6-PGD 1.1.144 2 (23) d

Isocitrate dehydrogenase 2" IDH 1.1.142 2 (3,1 d

Malate dehydrogenase 4t MDH 1.1.137 4 (23.13) d/m
Histidine 7.0

Phosphoglucose isomerase 1 PGI 53.19 1 6 d

Fosfoglucomutase 2 PGM 5422 3 574 m
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Fig. 1. Average resolution of the enzymes PGM and PGI for 26 individuals, and interpretation of their
genetic patterns in the program Transformer-1 (Caujapé-Castells 2001). In the pattern of PGM, bands
with different tonalities correspond to each of the three loci interpreted. The 26 individuals represen-
ted in these gels are a mixture of all the species and populations included in the paper. According to
the codes in Table 1, lanes represent different individuals from the following populations: IIPS (1 and
2), TRIF (3 and 4), TRCR (5 and 6), FFMA (7 to 9), TRSF (10 to 12), IRCZ (13), TRSI (14 and 15),
IIPA (16 and 17), FFSM (18 to 21), IIMP (22 to 24), and MIPP (25 and 26).
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Fig. 2. Graphic representation of the basic parameters that estimate the levels and distribution of
genetic variation in Matthiola incana s. 1., M. incana subsp incana, M. tricuspidata and M. fruticu-
losa subsp fruticulosa.

0.05) but surpassed 1 in M. fruticulosa and M. tricuspidata (Nm = 3.37 and 5.46, respec-
tively). Matthiola tricuspidata exhibits a clear (though non significant) trend to a diminished
gene flow as geographic distance increases, which is less apparent in M. incana s.1. (Fig. 3a).

All the populations of M. incana clustered in the middle of the multivariate space of the
PCA (Fig. 4). By contrast, populations of M. tricuspidata and M. fruticulosa showed a
much higher degree of dispersal in this representation, with a trend to a closer relationship
between them than with respect to M. incana.

Mantel tests for M. incana subsp. incana and M. tricuspidata did not reveal significant
correlation between geographic and genetic distances (r =-0.551, P =0.446 and r = 0.522,
P =0.498, respectively) or between genetic and edaphic distances (r = 0.299, P =350 and

=-0.275, P=10.399, respectively).

Discussion

Although the results presented here need be streamlined by additional data analyses that
also consider a broader geographical context, they may be used to derive several prelimi-
nary insights into the diversification of Matthiola in Sicily.
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Fig. 3. Relationship between geographic distance and gene flow (as measured by Nm) in pair-wise
combinations of populations of M. incana s. 1. (a) and M. tricuspidata (b).

The striking monomorphism of almost all populations of M. incana analysed hints
either at a very recent origin through founder events or to a high incidence of inbreeding.
Although we are not in the position of favouring any of these hypotheses at the present
stage of knowledge, it is noteworthy that even the continental populations manifest low
levels of genetic variation, a fact that probably bears relationship with their origin in cul-
tivation and a diminished level of gene flow, as revealed by the high Gst value in this taxon
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Fig. 4. Geographic distribution of the 14 populations included in this study, and Principal Component
Analysis based on the allele frequencies detected. Due to the wide range of the resulting population
coordinates we had to break the axes at various points to allow for representation. Population num-
bers correspond to Table 1. The two axes of the PCA representation explains 25% of the detected
isozyme variation.

(Fig. 2). There are substantial qualitative differences among several island populations of
M. incana, particularly (but not only) affecting subsp. pulchella. In the lack of evidence for
the action of selection, this result entails either (a) an origin through various founder events
from a genetically polymorphic mainland source that we did not sample or (b) contrasting
geographic origins. Given the scarce polymorphism of the mainland populations sampled,
the generalised low levels of gene flow in M. incana and its non-significant relationship
with geographic distance (Fig. 3a), the second scenario seems better suited to construe
these results.

The island populations of M. tricuspidata display a clear trend to having less genetic
variability (e. g., in terms of the number of polymorphic loci) with increasing distance to
the continent (Fig. 3b). This fact, together with the absence of population-specific exclu-
sive alleles, suggests a diversification scenario of isolation by distance, where geographi-
cally closer populations also bear a tighter genetic relationship because of a more abundant
gene flow between them.

Even though the only two sampled populations of M. fruticulosa subsp. fruticulosa are
insular (Fig. 4), they hold the highest levels of isozyme variation detected (Fig. 2). This
higher polymorphism, together with a low value of Gst in this species (Gst = 0.193), hints
at more developed dispersal and outcrossing capabilities than its two congeners.
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Nevertheless, sampling several continental populations of this taxon would be necessary
to streamline this hypothesis.

Finally, although the three sampled taxa represent different sections within Matthiola,
there seems to be a higher genetic affinity between sect. Acinotum (M. fruticulosa) and
sect. Aciloma (M. tricuspidata) than between any of these two and sect. Pachynotum (M.
incana), as revealed by the tighter grouping of the former two taxa (and their larger isola-
tion with respect to M. incana) in the PCA (Fig. 4).

Taxonomic insights

Because the relationship between phenotype and genotype is simpler for isozyme evi-
dence than for morphological characters (Gottlieb, 1977), our study might provide insight
to assess the existing taxonomic categories within M. incana. However, we must exercise
extreme caution in the face that the differentiation of subsp. incana respect to subsp. pul-
chella and subsp. rupestris could be lopsided toward a higher morphological divergence in
the former subspecies. By and large, many genes contribute to the expression of morpho-
logical traits, and these are liable to accumulate variation more rapidly than single-gene
markers as allozymes, even under the influence of drift (Barrett & Kohn 1991). In addition
to this general factor, morphological divergence could have been much enhanced in subsp.
incana because unadaptive genes have been selected against. Thus, it is likely that isozyme
differentiation in this taxon (which has been kept low through repeated inbreeding) does
not reflect accurately the degree of morphological divergence that determines its taxo-
nomic differentiation.

Bearing the above in mind, the average genetic identity within M. incana subsp. incana
(/=10.90) falls within the range reported by Gottlieb (1977) for con-specific populations (/
=0.95 £ 0.2). The genetic differentiation between the populations of subsp. rupestris and
subsp. pulchella (I = 0.756) is higher than that of either of them with 4 incana (I = 0.813
and 7 = 0.840, respectively). However, these three values lie between Gottlieb’s (1977)
averages for con-specific populations (/ = 0.95 £ 0.2) and congeneric species (I = 0.67 +
0.07). The values reported in Gottlieb’s (1977) review might change if updated; however,
assuming that the eventual differences would not be substantial, our isozyme survey sug-
gests that it is advisable to maintain the present infra-specific taxonomy within M. incana.
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