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Two elm taxa occur naturally in the Iberian Peninsula: the Field elm (Ulmus minor) and the Wych elm
(U. glabra). In addition, a third taxon, the foreign Siberian elm (U. pumila), was probably introduced
in the 16th century as an ornamental tree and has spread spontaneously throughout the Peninsula.
The natural hybridization between U. minor and U. pumila produced new individuals whose
morphological traits appear to be mixed. Ulmus pumila, as well as its hybrids, has a high resistance to
Dutch elm disease (DED). For this reason, it is commonly used in breeding programmes. Extensive
hybridization and the high mortality produced by the last DED epidemic have endangered the
conservation of the native elm. In this study, isozyme analyses are used to characterize the taxa
U. minor and U. pumila. Siberian elms from Spain and China are compared with the native U. minor.
Siberian elm produces isozyme patterns that completely di�erentiate it from U. minor. Three loci are
completely di�erent between the species: 6Pgd2,Mdh1 and Prx2. Isozyme markers can also be used to
distinguish native elms from the hybrids that have evolved for generations.

Keywords: genetic conservation, genetic diversity, hybridization, isozymes, Ulmus minor, Ulmus
pumila.

Introduction

The genus Ulmus L. (Ulmaceae) comprises approxi-
mately 45 woody species, widely distributed throughout
the temperate regions of the Northern Hemisphere
excluding western North America (Wiegrefe et al.,
1994). It is also present in the subtropics in Central
America and South-east Asia. The genus and major
groups are generally well de®ned, but detailed delimita-
tion of species and of their taxonomic a�nities is very
di�cult. The reason for this di�culty has been attrib-
uted to the shortage of taxonomic traits. This group is
characterized by simple and inconspicuous ¯owers and
fruits, highly variable vegetative traits and few barriers
to interspeci®c hybridization. Actually, elms are highly
and complexly variable species in terms of their veg-
etative characters (Richens, 1983). In addition to these,
other technical di�culties arise from the concepts used
in botanical classi®cation. As a result, the simple
determination of the number of species becomes one
of the most di�cult problems an elm taxonomist can
face. Whereas Melville (1978) assumes the existence of

six species in Great Britain alone, Richens (1968)
classi®ed all the European elms of the section Ulmus
into two species: U. glabra Hudson and U. minor Miller
(see Armstrong & Sell, 1996 for a review of British
elms).
These two elm taxa occur naturally in the Iberian

Peninsula. The Field elm (U. minor Miller) is distributed
in the lowlands of the Spanish territory whereas the
Wych elm (U. glabra Hudson) is present in the northern
mountain forests. They are the descendants of those
populations present after the last glacial period and the
introductions that took place in ancient times (Gil &
GarcõÂ a-Nieto, 1990). Speci®cally, Field elms (U. minor
Miller sensu lato) have been widely propagated by
humans since prehistoric times (Richens, 1983). Partly
because of this extensive breeding, it is di�cult to
determine their natural area. A third species, the exotic
Siberian elm (U. pumila L.) was probably introduced in
the 16th century as an ornamental tree during Philip II's
rule (1556±1598).
The Siberian elm is widely distributed throughout

China, Mongolia, Korea and the Asian part of the
Russian Federation. It is one of the major tree species
for timber, shelter and fodder in eastern Asia. Many
European countries introduced it as a gene resource*Correspondence. E-mail: lgil@montes.upm.es
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for breeding resistance to Dutch elm disease (DED;
Lester & Smalley, 1972; Santamour, 1973; Mittem-
pergher & La Porta, 1991). In this century, two
enormously destructive DED pandemics have spread
across Europe and North America. The second to
appear was caused by the much more aggressive
Ophiostoma novo-ulmi Brasier (Brasier, 1991) and was
detected in Spain in the late 1970s. During the 1980s,
the Siberian elm's natural resistance to DED made it
the most common elm species in both urban and rural
areas.

Natural hybridization in the Iberian Peninsula
between U. pumila from parks, roads and boulevards
and U. minor produced a large population of hybrid
individuals. Their morphological characters appear to
be mixed, making di�cult any attempt at identi®cation
(Ipinza, 1990). Typically, U. pumila shows an open
canopy with long, nude branches, where leaves are
con®ned to the end. This gives the tree a weeping
appearance that is unlike the round and dense canopy of
the native elms. Some other traits related to leaf
morphology also make it possible to distinguish between
these taxa. Because of the extensive hybridization,
conservation of the native genetic resources is a major
concern. Since 1990, the Spanish conservation pro-
gramme has collected and reproduced vegetal material
(Solla et al., 20001 ). To date no data are available
regarding the magnitude of the U. pumila introgression.
Because morphological traits tend to be inaccurate, a
more precise tool for the identi®cation of native elms is
necessary.

Hybrid identi®cation has been successfully attempted
in forest research using isozyme analyses (Schwartz,
1960; Avise, 1974; FernaÂ ndez, 1996; HussendoÈ rfer,
1999). Isozymatic data of European elms have been
previously reported by Pearce & Richens (1977) and
Richens & Pearce (1984), using only the peroxidase
system, and by Machon et al. (1995, 1997) using seven
enzyme systems. In her earlier study, Machon deter-
mined that Ulmus laevis Pallas from section Blepharo-
carpus produces isozymes that di�erentiate it from
French species of the section Ulmus. Other molecular
tools have been reported by Wiegrefe et al. (1994) and
Kamalay & Carey (1995).

In this paper, isozyme pro®les of U. minor and
U. pumila are analysed and the results are used to
identify hybrids between the species. In the framework
of the Spanish programme, the genetic variation of
the elm Clonal Bank was also studied in order to
guarantee the origin, identity and diversity of the
processed material. The ultimate aim was to o�er a
helpful tool that orients the e�orts carried out in the
conservation programme of the genetic resources of
native elms.

Materials and methods

The plant material of U. minor, U. pumila and hybrids
used for this study is shown in Table 1. The total sample
size was 303 individuals. The samples of U. minor
consisted of 104 trees. There were 39 trees from the
Clonal Bank of the Forest Tree Breeding Centre in
Madrid. In this bank, resistant and rare trees from all
over Spain are planted. Also 26 trees were sampled from
a natural population in the province of Toledo and 39
trees from old plantations in the Royal Gardens in
Madrid. The U. pumila samples were from two di�erent
sources: 46 individuals came from ®ve Chinese popula-
tions (Nanyiang, Jiaozue and Shangqiu of the province
of Henan, Hueqiu of the province of Anhui, and the city
of Beijing) provided by Dr Heybroek in 1989 and
planted in La Almoraima (CaÂ diz). Another 70 U. pumila
were taken from di�erent parks in central Spain. Along
with these trees, another 83 hybrids between both
species were collected. As these trees came from green-
houses and parks, no distinction was made between F1

hybrids and higher-order hybrids. Field determination
of species was based on morphological characters
proposed by Richens (1968) and Ipinza (1990). Basal
asymmetry, petiole length, maximum weight, softness
and twists were the major foliar traits used, in addi-
tion to the growth habit of the tree, to discriminate
between species and between hybrids. In this work, the
taxonomic treatment of Richens (1983) based on
morphological descriptors is used.

Fully expanded leaf material from mature trees was
collected, placed into individual bags, conserved in a
portable refrigerator and later stored at 4°C until

Table 1 Plant material of Ulmus minor, U. pumila and
hybrids

Species N* Country Population

Ulmus minor Mill. 39 Spain Elm Gene Bank of
CMGF, Madrid

39 Spain Royal Gardens, Madrid
26 Spain Madridejos, Toledo

Ulmus pumila L. 70 Spain Urban areas, Madrid
14 China Nanyiang, Henan
8 China Jiaozue, Henan
7 China Shangqiu, Henan
9 China Hueqiu, Anhui
8 China The city of Beijing

Hybrids 83 Spain Urban areas, central
Spain

Total 303

* sample size.
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enzyme extraction. For the enzyme extraction, 3.5 cm2

of leaf was homogenized at 4°C for 30 s with 550 lL
of extraction bu�er, modi®ed from Afzal-Ra®i (1988).
After centrifugation (7000 r.p.m. for 10 min) extracts
were stored at )75°C until used for electrophoresis. The
whole process was completed in less than 36 h.
Aspartate amino transferase, AAT (EC 2.6.1.1),

anodic peroxidase, PRX (EC 1.11.1.7), phosphogluco-
isomerase, PGI (EC 5.3.1.9), leucine amino peptidase,
LAP (EC 3.4.11.1), catalase, CAT (EC 1.11.1.6) and acid
phosphatase, ACPH (EC 3.1.3.2) were resolved using a
lithium±borate electrode and gel bu�er adapted from
Shaw & Prasad (1970). Isocitrate dehydrogenase, IDH
(EC1.1.1.41),malatedehydrogenase,MDH(EC1.1.1.37)
and 6-phosphogluconate dehydrogenase, 6PGD (EC
1.1.1.44) were resolved using a morpholine gel and bu�er
adapted from Wendel & Weeden (1989). Staining proce-
dures and electrophoretic methods were adapted from
Cheliak & Pitel (1984) and Acquaah (1992). Gels of PRX
for U. minor were read and photographed 5 min after
being placed in the warming oven to avoid lagged bands
that complicate the interpretation. Loci and alleles were
named according to their relative position in the gel,
denoting the most anodal by 1.
To con®rm the genetic control of the electrophoretic

patterns the o�spring of two controlled crosses with
more than 10 seedlings each were analysed. Chi-squared
analysis of expected and observed number of genotypes
per locus was performed.
Genetic data were analysed using version 1.31 of the

POPGENEPOPGENE program (Yeh et al., 1997). The genotypic
diversity (m, Gregorius, 1978) and the total population
di�erentiation (dT, Gregorius, 1987) were computed for
each taxon and for the multilocus genotype using the
GSEDGSED program (Gillet, 1998). Nei's (1973) genetic dis-
tances among species were computed taking every locus
into consideration. Cluster analyses were performed
using the unweighted pair group method algorithm
(UPGMAUPGMA).
Canonical discriminant analysis of all polymorphic

loci was performed using the SASSAS program (SAS, 1982).
Class membership was de®ned for four groups:
U. pumila from China, U. pumila from Spain, U. minor
and hybrids. Isozyme pro®les of trees were coded not
only as alleles but also as genotypes following the
method outlined by Smouse & Neel (1977). The
variables generated are similar to binomial variables
and result in a normal distribution for a su�ciently large
amount of data. For example, consider a locus with two
alleles A and B and therefore with three possible
genotypes AA, AB and BB. This locus can be translated
by one variable with values 1, 0.5 and 0 for each
genotype, respectively. This way, for each single locus
with n alleles this method generates (n ) 1) variables.

Results

The nine enzyme systems studied are encoded by 13 loci.
Five enzyme systems (AAT, IDH, ACPH, CAT and
LAP) are encoded only by one locus, whereas PGI,
6PGD, MDH and PRX reveal two loci. In addition,
PRX has one cathodal locus, which is not included in
this work. Enzyme bands and phenotypes for enzyme
systems are presented in Fig. 1. Most systems (AAT,
6PGD, IDH, ACPH, MDH and PGI) showed typical
dimeric patterns (one or three bands) and only three
(CAT, LAP and PRX) showed a monomeric pattern.
Chi-squared analyses of observed and expected geno-
types from the controlled crosses demonstrated no
signi®cant deviation between observed and expected
Mendelian ratios at the 0.05 level (Table 2). The loci
Idh, 6Pgd2, Mdh1, Prx2 and Pgi2 segregated success-
fully. There was no reason to reject the general
hypotheses that these elm species were diploid and that
isozymes had a codominant inheritance.
Allele frequencies are shown in Table 3. A total of 16

alleles (10 in U. pumila and six in U. minor) were
observed to belong exclusively to one of either species
(Table 4). The so-called species-speci®c gene markers
provide the information needed to classify a tree. These
alleles were distributed at seven loci, but the most
frequent ones appeared at ®ve of them: 6Pgd2, Prx2,
Mdh1, Acph and Aat. The ®rst three systems, 6Pgd2,
Prx2 and Mdh1 completely discriminated between both
species. Di�erences between the two U. pumila groups
can also be reported. There were three low-frequency
alleles (Aat-2, Prx2-n and Pgi2-4) of Chinese Siberian
elm that were not present in the Spanish populations.
There are also two alleles (Mdh2-3 and Pgi2-3) which
showed greatly reduced frequencies. In contrast, alleles
Idh-4 and Mdh2-1 appeared only in the Siberian elm
from Spain. The dendrogram based on Nei's (1973)
genetic distances, performed using the UPGMAUPGMA method
algorithm, locates putative hybrids between both species
and U. pumila at a distance of 1.97 units (Fig. 2). The
other cluster, consisting only of the U. minor group, is
separated at a distance of 16.51 units.
In addition to the allele frequency distribution, the

genotypic structure was analysed. Genotypes of the
hybrids were checked to detect individuals that share
species-speci®c alleles of each species. As a result,
hybrids were divided into two groups: those with speci®c
alleles of both species (77.1%) and those with only
speci®c alleles of U. pumila (20.5%). Among the hybrids,
no trees were found to have only U. minor speci®c
alleles. The remaining 2.4% could not be identi®ed
because of missing scores.
Seven of the 13 loci analysed (54%) were polymorphic

in U. minor, 10 (77%) in U. pumila and 11 (85%) in the
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hybrids (Table 5). The average number of alleles per
locus was similar in both species, 1.4 and 1.5 in U. minor
and U. pumila, respectively. In the hybrids the average
number of alleles per locus was 1.8. Hybrids had a
higher mean observed heterozygosity (Ho) than individ-
uals from the parental species and their genotypic
diversity (m) was intermediate between them. The
hybrids had a remarkably high degree of heterozygosity:
50% of them showed more than four heterozygous loci.
Of the Chinese and Spanish U. pumila populations, 11%
and 8%, respectively, reached this degree of hetero-
zygosity. In the case of U. minor, only 5% did so.

Two signi®cant (P < 0.001) canonical discriminant
functions accounted for 99% of the total variance. The
®rst canonical discriminant function accounted for 95%
of the total variance, 94% of which was explained by the
groups' contribution. This function is dominated by a
large loading from 6Pgd2. In order to get positive values
for this function, trees had to score high on 6Pgd2 and
low on Mdh1. The second canonical discriminant
function had high coe�cients for Mdh2, Pgi2 and

Prx2. Plotting the groups for the two canonical func-
tions, U. minor appeared in an extended area widely
separated from U. pumila (Fig. 3). There is a clear
overlap of the areas corresponding to the Siberian elms
from China and those from Spain. Hybrids with speci®c
alleles of both species are in an intermediate position,
whereas the area of hybrids with only U. pumila speci®c
alleles overlaps with that of U. pumila.

Discussion

Genetic interpretation of isozyme patterns

Genetic interpretation of electrophoretic patterns is not
without controversy. Feret & Stairs (1971) and Feret
(1972), who studied the inheritance of the PRX system
in the Siberian elm, found unexpected phenotypes
among hybrids. Although they speculated with partial
incompatibility among elm homologues, they ®nally
concluded that peroxidase inheritance in Siberian elm
was controlled by a one-locus, three-allele genetic

Fig. 1 Enzyme phenotypes for six loci of
Ulmus minor, U. pumila and hybrids.

Intensity and thickness of the band
resemble those on gels. n, null allele.4
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system. One of the hypotheses they subtly pointed out
to explain aberrant rates in segregation of
U. pumila and U. rubra hybrids was that genes were
not allelic but were instead located on two homologous
chromosomes at di�erent loci. In this case, crossing
over between the two loci could produce gametes
containing either both genes or neither gene. A similar
phenomenon has already been described by Gottlieb
(1982) for diploid species of Clarkia (Onagraceae).
Recently, Machon et al. (1995) suggested that elms
were segmental allotetraploids and that they behaved
as tetraploids for part of the genome and as diploids
for the rest. In the present study, phenotypes of the
PRX system in U. minor present two bands similar to
those observed by Richens & Pearce (1984). All
electrophoretic patterns were interpreted as diploids
according to Feret & Stairs (1971). Segregation ratios
validate these inheritance models.

Genetic differences between taxa

Genetic di�erences have been found between the
parental species. Evidence from this study supports
the hypothesis that each species possesses its own allele
distribution as well as its own species-speci®c alleles.

A null allele at Prx2 for Siberian elm was previously
reported by Feret & Stairs (1971) and by Feret (1972).
In the present work it was only detectable in the
homozygous state. Therefore, in the hybrid group it
could be present in the heterozygous state. In regard to
U. minor, there are no references to this allele (Richens
& Pearce, 1984; Machon et al., 1995, 1997). Discrimi-
nant analyses of isozyme pro®les provide a reliable tool
to distinguish U. pumila and hybrids from the native
Field elm. Some di�erences between these taxa have
been previously reported by Heimler et al. (1993) using
¯avonoid glycoside data. Isozyme species-speci®c alleles
have also been found belonging to U. minor and
U. laevis (Machon et al., 1995), where hybridization is
very rare.
The maintenance of sexual reproduction for U. pumila

produces a high rate of single- and multilocus genetic
diversity (HT and m) similar to those of outcrossing and
wind-pollinated plants (Hamrick & Godt, 1989). The
lowest rates of all measures of genetic diversity are those
of U. minor (in particular, HT � 0.19) where successful
sexual reproduction is very rare. In contrast, the genetic
diversity of U. minor according to French studies is
HT � 0.34 (Machon et al., 1997) with a 100% rate of
polymorphic loci. These results are not contradictory,

Table 2 Segregation in Ulmus. Genotypes of parent trees and o�spring of two families

Parental genotypes
O�spring

Locus Cross Female Male genotypes Expected Observed* N

Idh MP1 ´ P1 23 22 22 19.5 17
23 19.5 22 39

6Pgd2 MP1 ´ P1 12 22 12 16.5 17
22 16.5 16 33

Mdh1 MP1 ´ P1 13 12 11 9.5 13
12 9.5 6
13 9.5 11
23 9.5 8 38

MP2 ´ MP3 33 13 13 4.5 3
33 4.5 6 9

Prx2 MP1 ´ P1 24 34 23 7.5 8
24 7.5 8
34 7.5 7
44 7.5 7 30

MP2 ´ MP3 23 11 12 3 4
13 3 2 6

Pgi2 MP2 ´ MP3 13 13 11 2.5 3
13 5 3
33 2.5 4 10

P1, Ulmus pumila; MP1, MP2 and MP3, U. minor ´ U. pumila. N, sample size of the o�spring.
*Chi-squared analysis of all expected and observed genotypes demonstrated no signi®cant deviation at the 0.05 level.
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Table 3 Allele frequencies for all loci of Ulmus minor, U. pumila and their hybrids

Locus Allele* U. minor U. pumila SP U. pumila CH Hybrids

Cat 1 0.1212 0.0956 0.0978 0.1714
2 0.8788 0.9044 0.9022 0.8286
N 198 136 92 140

Aat 1 0.3990 0.0000 0.0000 0.1111
2 0.4135 0.0000 0.0222 0.1235
3 0.1875 1.0000 0.9778 0.7654
N 208 136 90 162

Idh 1 0.0000 0.0000 0.0000 0.0065
2 0.9712 0.7868 0.8140 0.8312
3 0.0192 0.1765 0.1860 0.1039
4 0.0096 0.0368 0.0000 0.0584
N 208 136 86 154

6Pgd1 1 1.0000 1.0000 1.0000 1.0000
N 208 138 92 154

6Pgd2 1 1.0000 0.0000 0.0000 0.3133
2 0.0000 1.0000 1.0000 0.6867
N 208 138 92 150

Mdh1 1 0.0000 0.6418 0.5978 0.4462
2 0.0000 0.3582 0.4022 0.2385
3 1.0000 0.0000 0.0000 0.3154
N 208 134 92 130

Mdh2 1 0.0000 0.0797 0.0000 0.0513
2 1.0000 0.9130 0.9783 0.9487
3 0.0000 0.0072 0.0217 0.0000
N 208 138 92 156

Lap 1 0.6117 0.5357 0.4875 0.5823
2 0.2447 0.4286 0.2125 0.3861
3 0.1436 0.0357 0.3000 0.0316
N 188 140 80 158

Acph 1 1.0000 0.2857 0.5000 0.3782
2 0.0000 0.7143 0.5000 0.6218
N 182 140 82 156

Prx1 1 0.6442 0.5929 0.6744 0.6325
2 0.3558 0.4071 0.3256 0.3675
N 208 140 86 166

Prx2 n 0.0000 0.0000 0.1522 0.0000
1 0.1010 0.0000 0.0000 0.0964
2 0.8990 0.0000 0.0000 0.3133
3 0.0000 0.1714 0.2065 0.0904
4 0.0000 0.5071 0.5435 0.3313
5 0.0000 0.3214 0.0978 0.1687
N 208 140 92 166

Pgi1 1 1.0000 1.0000 1.0000 1.0000
N 208 140 92 158

Pgi2 1 0.0817 0.0000 0.0000 0.0987
2 0.7692 0.9926 0.8587 0.8026
3 0.1490 0.0074 0.1196 0.0987
4 0.0000 0.0000 0.0217 0.0000
N 208 136 92 152

SP, Spanish populations; CH, Chinese populations; n, null allele.
*Also N, sample size.
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in fact, the genetic diversity found in this study taking
only polymorphic loci into consideration gives similar
values (HT � 0.35, if P � 100%).

Spanish and Chinese U. pumila are very similar. In
Fig. 3 it can be observed that the Spanish population area
is almost contained within the Chinese one. In addition,
the Chinese population exhibits equal or higher mean
values for all measures of diversity compared to Spanish
populations. But di�erences also exist in some low-
frequency alleles. This situation could be explained in two
ways. First, prior di�erences may have existed between
Chinese U. pumila and those types that were e�ectively
introduced into Spain. It is possible that Siberian elms
had already been introduced into the Iberian Peninsula in
the 16th century from Russia. As trees, plants and
gardens were a major concern for Philip II, the ambas-
sadors sent all kinds of exotic trees from their countries to
the Royal Court (Gil & GarcõÂ a-Nieto, 1990). So, it is
probable that the introduction that took place in modern
times was, in fact, a reintroduction. A second explanation
for this situation is that a founder e�ect could have been
the result of the reduction in the population size when the
Siberian elm was introduced in Spain.

Nature of hybridization

Taking account of both the allele distributions and the
genetic distances, a highly asymmetrical pattern of
hybridization is revealed. Hybrids appear to be nearer
to U. pumila than U. minor. Asymmetric hybridization
has already been described in a mixed stand of Euro-
pean oaks (Bacilieri et al., 1996). In the framework
of selection of DED resistant clones, hybridization
studies are common practice (Lester & Smalley, 1972;
Santamour, 1973; Mittempergher & La Porta, 1991).
Crossing trials determined that U. minor and U. pumila
can crossbreed freely and produce fertile hybrids. So it is
unlikely that random e�ects alone can explain these
results. This situation could be explained because
backcrossing occurs more frequently with Siberian
elm. Particularly, the percentage of full seeds from
pollinated ¯owers is 31.3% if U. minor is the female

Table 4 Diagnostic loci between Ulmus minor, U. pumila
and hybrids

Locus Allele Designation Frequency

Acph 2 P 0.71

Prx2 n P 0.15
1 M 0.10
2 M 0.90
3 P 0.17
4 P 0.51
5 P 0.32

Pgi2 1 M 0.08

6Pgd2 1 M 1.00
2 P 1.00

Mdh1 1 P 0.63
2 P 0.36
3 M 1.00

Mdh2 1 P 0.08
3 P 0.01

Aat 1 M 0.39

M, Ulmus minor; P, Ulmus pumila; n, null allele.

Fig. 2 Dendrogram of UPGMAUPGMA cluster analysis based on Nei's
genetic distances between Ulmus minor and U. pumila. SP,
Spanish populations; CH, Chinese populations.5

Table 5 Genetic diversity for 13 loci in elms

Single locus Multilocus

N P (%) ne Ho HT m dT

U. minor 204 53.8 1.38 0.22 0.19 17.58 0.955
U. pumila SP 138 69.2 1.46 0.22 0.24 61.06 0.999
U. pumila CH 89 76.9 1.55 0.22 0.27 33.11 0.998
Hybrids 154 84.6 1.79 0.34 0.32 49.00 1.000

Ulmus pumila: SP, Spanish populations; CH, Chinese populations.
N, mean sample size per locus; P, percentage of loci polymorphic; ne, mean e�ective number
of alleles per locus; Ho, mean observed heterozygosity; HT, Nei's genetic diversity
calculated considering every locus; m, genotypic diversity; dT, population di�erentiation.
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parent and 47.2% otherwise (Mittempergher & La
Porta, 1991). Furthermore, in natural conditions,
reproduction in U. minor is normally vegetative by root
suckers and seed is only set in rare, especially favour-
able, seasons (Richens, 1983). In U. pumila, on the other
hand, reproduction is normally by seeds (Chang Geng,
1989). These results reveal a di�erent mating behaviour
between species, which is one of the hypotheses that
could explain the preferential backcrossing of the
hybrids with U. pumila.

This asymmetric hybridization may also be generated
by di�erent spatial or temporal distributions of adult
tree genotypes and, as a consequence, of pollen pool
genotypes (Brown et al., 1985). The hybridization pro-
cess occurs frequently in urban areas, where U. pumila
has been more abundant in recent decades. Because
many populations contain hybrids, and U. pumila, but
rarely U. minor, backcrossing occurs with Siberian elms,
giving a range of possible intermediates. This could
explain why some hybrids lack speci®c alleles of
U. minor, which cannot be di�erentiated by isozymes
from U. pumila. Another case of backcrossing in hybrids
of these species was described in Kazakhstan and the
Volga and Ural regions of the USSR by Knyazeva &
Knyazeva (1986). In that study, a morphological analy-
sis of leaves of U. pumila and U. minor showed a hybrid
origin of U. pumila in shelterbelt trials.

Signi®cantly greater values ofHT were observed in the
hybrids, up to 60% greater than in the parental taxa.
This increase in heterozygosity is greater than that
observed in a hybrid population of Aesculus (40%2 in
dePamphilis & Wyatt, 1990). Hybrids accumulate alleles
of both parental species. Moreover, hybridization in
Ulmus appears to create new combinations of alleles,
rather than simply to increase heterozygosity at already
polymorphic loci, as seen in Aesculus.

In conclusion, this study demonstrates a helpful tool
for the genetic conservation programmes of the Euro-

pean elm. Ulmus minor produces isozyme patterns which
di�erentiate it from U. pumila and from their hybrids.
Hence, isozyme markers can be used, not only to
characterize, but also to distinguish native elms from
hybrids that have evolved for generations. It is notice-
able that backcrossing results in a hybrid population
genetically closer to U. pumila than to U. minor. New
isozyme genes, controlling the PRX, MDH and 6PGD
systems, are also described and they are shown to be
marker genes for U. minor and U. pumila. In addition,
the AAT, ACPH, IDH and LAP systems are described
for the ®rst time in European elms.3 Finally, it is
emphasized that Spanish U. minor did not show any of
the speci®c alleles of U. pumila. This is a goal for
conservation programmes, and con®rms that conserva-
tion of native elm genetic resources is still possible.
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