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The geographical patterns of quinacrine banding polymorphism at 20 sites, and of numbers of accessory (B)
chromosomes, were studied in nine Italian populations of Ornithogalum montanum Cyr. ex Ten. (Liliaceae). Eight
banding sites appear monomorphic. The standardized gene frequency variance, is heterogeneous among the
remaining 12 sites; variation is greatest for four polymorphisms whose frequency is correlated with the winter
temperature of the localities studied. A strong negative association is apparent between numbers of B chromosomes
and Q bands. Spatial autocorrelation shows three distinct modes of geographical variation: (i) random distributions;
(ii) patterns with positive short-range autocorrelation; (iii) patterns with negative intermediate-range autocorrelation.
Some microevolutionary implications of these findings are discussed.

INTRODUCTION

The study of geographical variation of heritable
traits may give us insight into the phenomena that
lead to population differentiation. Random proces-
ses, such as genetic drift and founder effect, deter-
mine patchy distributions of gene frequencies
(Rohlf and Schnell, 1971; Sokal and Wartenberg,
1983). Also differential selection results in genetic
divergence of populations, and it tends to bring
about non-random, often clinal, spatial patterns
(Endler, 1977). Conversely, gene flow within the
area studied and stabilizing selection cause gene
frequencies to approach the same values in various
populations. The geographical distribution of
allele frequencies results from interaction among
these processes. It is possible to draw inferences
on such processes based on the patterns observed
(Sokal and Oden, 1978b; Felsenstein, 1982).

The majority of recent studies have dealt with
description and interpretation of protein poly-
morphisms, especially in animals, which represent
over 90 per cent of the species reviewed by Nevo
et a!. (1984) in their extensive analysis of genetic
diversity. Populations of plants have been studied
in lesser detail, but it is clear that they are highly
variable. The reasons for that include the possibil-
ity of self-fertilization, limits to dispersal, small
breeding size of the isolates, and tight association

of the individuals to the environment where they
develop (Bradshaw, 1972; Sultan, 1987). From the
standpoint of geographic analysis, this means that
in plants gene flow will seldom blur gene frequency
patterns caused by selection, nor will it tend to
create gradients among differentiated isolates.
Rather, because of the small size of the isolates,
the impact of random genetic drift on the distribu-
tions of allele frequencies may be substantial.

Ornithogalum montanum Cyr. ex Ten.
(Liliaceae) is a perennial bulbous plant occurring
in the Middle East and the Mediterranean area.
Its centre of radiation is probably Turkey (Cullen
and Ratter, 1967), where 0. montanum is sympatric
and partially crossing with 0. lanceolatum; its
chromosome number varies from rt = 8 to n = 11.
On the contrary, Italian specimens show a stable
karyotype (n =9: Tornadore, 1986), highly vari-
able heterochromatization patterns (from 0 to 26
Q-bands per karyotype), and up to eight accessory
(B) chromosomes (Capineri et a!., 1979). B-
chromosomes are non-essential supernumeraries,
not homologous with members of the basic
chromosome complement, which are transmitted
in a non-Mendelian fashion (Jones and Rees, 1982;
Jones, 1985). 0. lanceolatum is not present in Italy.

Spatial analysis is informative on the processes
maintaining genetic polymorphism, especially in
the presence of high levels of variation, and
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isolation of population units. The karyotype of
Italian 0. montanum represents, therefore, an
appealing system for microevol utionary inferen-
ces. In this study, chromosome banding sites are
treated as biallelic loci, which can carry or not
carry the Q-band; these alternatives will be here
indicated by a "+" for presence of a hand, a

for its absence. Variation of frequencies of these
bands will be summarized by Wright's (1965)
the standardized variance of gene frequency. Fur-
ther, the geographical patterns will be described
by means of correlation and spatial autocorrelation
coefficients. Inferences on the origin and main-
tenance of karyotype polymorphism will event-
ually be possible on the basis of these statistics
(Sokal and Oden, 1978b; Sokal, 1979, 1986). In
particular, five questions are addressed. (1) Is geo-
graphic variation of karyotypes random? If not,
(2) do the spatial patterns reveal a continuum of
variation and the effects of isolation by distance,
or do they rather suggest that the Italian population
is subdivided into independent entities? (3) Are
dines present, thus supporting the view that kary-
otype differentiation has been established in
response to gradual ecological variation? (4) Does
any evidence suggest that the number of B chromo-
somes is somehow regulated, or, alternatively, is
this number determined just by a simple accumula-
lion mechanism (Jones, 1985)? Finally, (5) which
microevolutionary process, or combination of pro-
cesses, is most likely to account for the observed
karyotype diversity?

MATERIALS AND METHODS

The data set

A total of 477 specimens was collected in nine
localities of Southern Italy (fig. 1). At each locality,

Figure 2 Q-handed metaphase plate of Ornithogalurn montanutn. Chromosome number of this individual is 2n = 18+2B.
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Figure 1 A map of the sampling localities.
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a square area of variable extension was delimited
and sampled. Each specimen studied was separ-
ated by at least 2 metres from its nearest collected
neighbour, which rules out repeated sampling of
the same karyotype in individuals resulting from
asexual reproduction of the same plant.

Karyotypes were reconstructed by means of
Feulgen and Quinacrine-banding standard tech-
niques applied on root squashes (fig. 2) (Capineri
eta!., 1979). All nine chromosomes are metacentric
or submetacentric. Q-bands are located in the
telomeric section of the chromosome arms, or close
to the centromere. Therefore, there are 36 potential
banding sites in the karyotype (fig. 3). Chromo-
some number 1 never shows any bands. Numbers
4 and 5 are morphologically identical and number
8 is perfectly metacentric; as a consequence, their
bands could not be identified unambiguously, and
the analysis was restricted to the remaining 20 loci,
12 of which were polymorphic. See fig. 3 for the
conventional names of these markers.

For each population studied, an array of 14
biological variables was calculated, i.e., the local
frequencies of the bands at the loci B2 to A9, plus

I A3 C6 C7 A9

A 6B2 B6V A7

C2 C3 07
D6

1 2 3 4 5 6 7 8 9
Figure 3 Q-banded idiogram of Ornithogalum montanum.

Banding sites that are polymorphic in Italy are indicated
by a conventional name.

average numbers of B-chromosomes (NoBC) and
Q-bands (NoQB). No intra-individual variation of
the banding pattern or of the B-chromosome num-
ber was observed. In addition, seven environ-
mental measures were available (Anonimous,
1983): latitude (LA), longitude (LO), elevation
(EL), average annual rainfall (RF), average tem-
peratures in January (WI) and July (ST),
difference in average temperatures July-January
(ST) (table 1).

Heterogeneity of
The maximum variance of a gene frequency in a
subdivided population is t(1—i), where is the
average allele frequency over all subdivisions. The
ratio of the observed variance, s2, to this theoretical
value is (Wright, 1965, 1969). Genetic drift and
gene flow must affect all genes equally, and thus
the amount of variance actually displayed is expec-
ted to be the same at all neutra! loci. Differential
selection should result in high values at the loci
affected; stabilizing selection should have the
opposite effect (Cavalli-Sforza, 1966).

The possibility of employing the heterogeneity
of F.., values as a test of selective neutrality has
long been a matter of debate (Lewontin and
Krakauer, 1973, 1975; Nei eta!., 1977; Felsenstein,
1982). In the present study, a nonparametric
approach was chosen (Barbujani, 1985). Correla-
tion coefficients were calculated between the 12
allele frequencies and the seven environmental
variables. The following procedure was then
repeated for each of the latter variables: (1) the
loci studied were classified into two groups, one
including the loci whose allele frequencies corre-
lated significantly with the variable considered,

Table I Some characteristics of the populations studied and of their habitats

Average
Population Sample size NoBC N0QB heterozygosity EL RF WT ST

Vicol 56 065 1491 009 650 90 8 25
Vico2 64 074 1147 010 900 120 8 25
vico3 34 077 1126 008 100 120 8 25
Pollino 102 063 1304 012 1000 160 9 27
Lungro 68 084 140 001 400 160 9 27
Silal 39 112 513 009 1400 160 9 26

Sila2 28 079 762 006 900 160 9 26

Aspromontel 40 000 2175 011 1500 160 10 26

Aspromonte2 46 053 1946 017 1600 160 10 26

Total 477

NoBC: Average number of B chromosomes; N0QB: Average number of Q bands; EL: Elevation (m); RF: Rainfall (cm); WT:
Average January temperature (centigrade); ST: Average July temperature (centigrade).
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and one including those whose allele frequencies
did not; (2) the values in the two groups were
compared through Wilcoxon's two-sample test. A
significant heterogeneity of values was inter-
preted as evidence that a pressure associated with
the environmental variable of interest has affected
the gene frequency variance in one of the groups.

Spatial autocorrelation

Spatial autocorrelation statistics summarize the
relationship between values of the same variable
as a function of distances between sampling
localities. Inferences on the causal processes are
based on the spatial structure detected, and on
comparative analysis of several variables (Sokal
and Oden, 1978b; Sokal, 1979, 1986).

A 9 x 9 matrix of great circle distances between
populations was constructed. The pairs of popula-
tions were then grouped in four distance classes,
defined as follows: 1-50, 50-100, 100—200, and
200-400 km. For each locus and each class, two
autocorrelation coefficients, Moran's I and
Geary's c, were calculated (Sokal and Oden,
1978a; Cliff and Ord, 1981).

Moran's I is defined as

JN w,(q1—q)(q1—)-
W(q—)

and Geary's c as

(N—l) w1(q—q1)2C- 2W(q1-)
In these formulae, q and q are the allele frequen-
cies in the ith and jth sample, respectively; is
the mean over the N samples (here: N =9); W is
the number of pairs of samples in the distance
class of interest; and w,1 is a weighting factor that,
in the present study, was equal to I for all pairs
of samples falling in the distance class considered,
and equal to 0 for all other pairs. Standard errors
were computed according to Sokal and Oden
(1978a) and Ripley (1981).

The values of Moran's I range from 1 (for
positive association of allele frequencies at a cer-
tain distance), to —1 (for a negative relationship);
the expected value is (N — 1) -. The corresponding
limits of Geary's c are 0 and an undefined positive
value; in the absence of any consistent relationship
c is expected to be equal to 1.

The similarity of spatial patterns at various loci
was evaluated by constructing a matrix of Man-
hattan distances between correlograms (Sneath
and Sokal, 1973, pp. 125—126), non-significant

correlograms excluded. The markers were then
grouped according to UPGMA clustering strategy
(Sneath and Sokal, 1973, pp. 230-234).

RESULTS

Table 2 is the matrix of product-moment correla-
tion coefficients between pairs of variables. Forty
out of 210 coefficients (main diagonal excluded)
were significant at the 005 level. Some associations
are predictable (e.g., latitude with WT and RF;
N0QB with frequency of several bands). A highly
significant negative association was apparent
between NoBC and N0QB. This relationship was
significant also when evaluated at the individual
level, by correlating the number of B-chromosomes
and Q-bands in 361 plants for which both data
were available (r= —0186, p<OOO1). B2, C2, C6
and D7 were tightly associated (all coefficients
P<0001); all other correlations between band
frequencies were insignificant except one.

The correlation of the 12 Q-band frequencies
with the seven environmental variables reached
significance in one case for LO and RF, three cases
for LA, and four cases for WT and T. The values
of F1 ranged from 0013 (for B6) to 0906 (for
C6); the median was O515. Since the frequency
of no bands was associated with EL and ST, only
five tests for the heterogeneity of were in fact
carried out. Three of them yielded nonsignificant
results. Conversely, the four po]lymorphisms which
were associated with WT and T (namely B2, C2,
C6 and 1)7, in both cases) displayed significantly
greater variation than the other eight polymorph-
isms (Wilcoxon's U = 35, 4 and 8 df; P <0025 in
both cases).

Figure 4 is a plot of Moran's I values versus
distance, or spatial correlograms. (Geary's c correl-
ograms were almost identical, and are not given).
Three distinct modes of geographic variation were
apparent among the 14 variables studied. Four
polymorphisms (A6, B6, D6 and A7) did not show
any significant pattern in space. Four other poly-
morphisms (B2, C2, C6 and D7) showed significant
positive autocorrelation at 50 km, followed by no
pattern at larger distances. In a third group of
markers, spatial autocorrelation was significantly
negative in one of the intermediate distance classes
(A3, C7, A9, plus NoBC and N0QB), or in the
last one (C3). The polymorphisms showing posi-
tive short-range autocorrelation also showed
similar spatial distributions of their allele frequen-
cies. For all of them, the + allele reached polymor-
phic frequencies in the outer populations (Vico
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Figure 4 Spatial correlograms of 12 banding polymorphisms, average number of B chromosomes (NoBC), and average number
of Q-bands (N0QB) in nine Italian populations of Ornithogalurn nionlanurn. Open circles: nonsignificant coefficients; solid
triangles: P <005; stars: Per 001. The upper limits of the four distance classes considered are 50, 100, 200, and 400 kilometres.

and Aspromonte), but it was not observed in the
central part of the Italian range of the species.
These loci formed a cluster when the correlograms
were grouped by UPGMA strategy (fig. 5), whereas
no obvious aggregation of the remaining markers
was evident.

DISCUSSION

The Italian populations of 0. montanum are
geographically differentiated. The karyotypes of
the individuals sampled in the central section of
the area studied have less Q bands and more B
chromosomes than the average. Conversely, some
alleles that are absent in these regions (B2+, C2-f-,
C6+, C7+, and D7+) are common in the northern
and southern isolates.

Most karyotype variation appears to be
spatially random; the negative autocorrelation
occasionally observed at 100 or 200 km does not
suggest any obvious microevolutionary process.
However, four markers, namely B2, C2, C6 and
D7, vary in a peculiar way. The frequencies of
their + alleles are highly associated among them,
and all are correlated with WT and zT Their
values are significantly higher than those calcu-
lated at the other eight loci. Although a single
statistical test is no longer considered sufficient for
rejecting a neutral or a selective explanation of
genetic differentiation (Lewontin, 1985),
heterogeneity of values does indicate the
characteristics of the habitat to which gene
frequency diversity is most significantly associated.
Autocorrelation coefficients then confirm that
genetic variation at these loci is not random in the

C3

A9

N oBC



GEOGRAPHICAL PATTERNS OF KARYOTYPE POLYMORPHISM 73

Figure 5 Clustering of the polymorphisms showing spatial
structure, based on Manhattan distances between correl-
ograms (Moran's I).

geographical space (positive short-range
autocorrelation).

For the sake of simplicity, we will refer to
B2, C2, C6 and D7 as ND-loci (for Nonrandom
Distribution of allele frequencies). The karyotype
similarity measured at the ND-loci decreases with
distance, reaches 0 around 50km, and then levels
off. This profile of the correlograms is expected
both under differential selection in an environment
where selectively heterogeneous patches are pres-
ent (Sokal, 1979), and also when genetic differenti-
ation is caused by genetic drift and short-range
gene flow, i.e., under isolation by distance (Barbu-
jani, 1987). Under the hypothesis of selection,
50 km would be a rough estimate of the size of the
patches within which a uniform selective pressure
has affected karyotype polymorphism (Sokal,
1979); under the hypothesis of isolation by dist-
ance, 50 km would be a measure of the extent to
which gene flow has caused neighbouring popula-
tions to resemble each other. Fifty kilometres is
surely more than a reasonable dispersal distance

for Ornithogalum; however, the effects of gene flow
0O tend to accumulate across generations, leading to

significant spatial structure on a scale that is large
compared to individual dispersal (see e.g., Slatkin,
1978; Piazza and Menozzi, 1983; Barbujani, 1988).
In addition, it must be noted that the differences
in the putative selective factors, namely winter
temperatures and zT, among the localities studied,
are two degrees at best. Therefore, a hypothetical
adaptive mechanism maintaining polymorphism

0.5 at the ND-loci, or at linked loci, must be sensitive
to extremely slight temperature variations.

The answers to the five questions listed in the
introduction are in part implicit in this summary
of the present study. Geographic variation is non-
random for four of the twelve loci studied (ques-
tion 1). This fraction of karyotype variation can
be explained by a process of isolation by distance

10
whose range is estimated around 50 km (question

• 2). Although distance is a factor, it is not
necessarily the only factor maintaining genetic
diversity in Italian 0. montanum. Apart from selec-
tion (to be discussed later), two kinds of evidence
suggest that subdivision also plays a role. Firstly,
since the + alleles of five markers are absent in
the populations of Lungro, Pollinc and Sila, the
exchange of gametes among these localities and
the northern and southern isolates roust be scarce,
if any. Secondly, the mountain areas where 0.
montanum grows are interrupted by two belts of
plains, located south of Vico and north of
Aspromonte, respectively, which act as obstacles
to gene flow. Therefore, populations separated by
large distances may turn out to be genetically unre-
lated, as they appear to be when spatial distribu-
tions of allele frequencies are analysed. As a con-
sequence, the Italian population of 0. montanum
can tentatively be regarded as composed of at least
three distinct units (Vico; Pol]Iino+Sila+Lungro;
Aspromonte), within which further genetic
differentiation is caused by isolation by distance.
Only a wider study can show whether this
apparently discontinuous variation is to some
extent an artifact due to incomplete sampling of
the area studied.

Geographical dines have riot been observed in
the present study; there is no evidence of
geographically structured variation of environ-
mental pressures (question 3). Rejecting differen-
tial selection as a factor maintaining even a minor
fraction of karyotype polymorphism in Italian 0.
montanum, however, leaves unexplained the
heterogeneity of values among loci classified
according to their relationship with winter tem-
perature and T. Note that winter temperature and

C3 A9 C7NoOBI A3 06 C2 D7 B2
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are not correlated, so that F is actually
heterogeneous in two out of seven tests carried
out. Thus, the answer to question 3 is not com-
pletely obvious. If the spatial patterns described
for the ND-loci are regarded as a consequence of
isolation by distance rather than differential selec-
tion, the heterogeneity of F, values observed at
these loci, although significant, ought to be
attributed to chance.

The number of B-chromosomes is substantially
lower when there are many Q-bands in the karyo-
type (question 4). In general, B chromosomes are
detrimental (Jones, 1985), but meiotic drive main-
tains them despite selection (Shaw, 1983). "Anti
B" genes have been described in some species
(Nur, unpublished; cited by Jones, 1985). The
results of the present study suggest that a function
of this type may be carried out by the Quinacrine-
positive regions of the genome of 0. montanum.
An intriguing finding is that the negative correla-
tion of numbers of B-chromosomes and Q-bands
is higher at the population level, between average
numbers (r2=O702), than at the single karyotype
level (r2 = OO34; this coefficient is also significant,
because of its 359 degrees of freedom). Therefore,
this relationship seems to depend not only on
processes affecting the individual plant, but on
population structure too. The simplest mechanism
accounting for it at the individual level involves
alleles in linkage disequilibrium with Q-bands,
which apparently counterbalance the accumula-
tion of B-chromosomes; other explanations can be
proposed as well. In particular, the opposite possi-
bility (B-chromosomes cause instabilities in the
banding patterns) cannot be ruled out in principle.
However, this would be an unusual genetic
phenomenon, and one which is not supported by
direct evidence in this or other studies.

As for question (5), three processes leading to
occurrence of the spatial patterns observed in this
study can be envisaged: (5.1) mutation+selection;
(5.2) mutation + subdivision; (5.3) founder effect +
subdivision. In this context, mutation implies that
variation arose in the area studied, whereas foun-
der effect is a consequence of differentiation that
occurred elsewhere.

Let us first assume that the Q-bands at the
ND-loci have originated from mutation in the
outer isolates of the Italian range of 0. montanum,
which is where they have been observed in this
study. According to process (5.1) they must have
spread because of some selective advantage, per-
haps related to resistance to low temperatures;
according to process (5.2), they must have spread
by chance, and their absence in the Central regions

must be due mainly to insufficient gene flow. The
difficulty with both processes is that they imply
equal and independent chromosome mutation in
different populations, which is generally con-
sidered highly unlikely. On the other hand, if only
unique mutational events are postulated, then the
observed pattern of differentiation can have been
reached only through extinction of the individuals
bearing these bands in the central isolates; this
does not seem a parsimonious hypothesis.

Alternatively, process (5.3) explains the spatial
patterns at the ND-loci as the result of independent
colonization of three areas of Italy by different
stocks of 0. montanum. Multiple colonization pro-
cesses by different genotypes have been proposed
to account for the extensive variation observed in
numerous plant species (see e.g., Shaw eta!., 1987).
Cullen and Ratter (1967) argued that 0. montanum
originated in Turkey because of the relative
amount of phenotype variation observed, which
was maximum in Turkey, and then decreased as a
function of distance from there. Italy is at the
western limits of the present range of the species,
and has apparently been colonized only in its
southernmost parts. This suggests that 0. mon-
tanum has spread only recently to Italy, thus
indirectly supporting the view that the genotypes
of the local populations have diverged elsewhere.
Therefore, the karyotype polymorphism observed
in the Italian populations of Q. montanum seems
to reflect the history of these populations, rather
than geographically variable evolutionary pro-
cesses.
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