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Summary. Nine different monosomic additions in Beta
vulgaris from Beta webbiana were characterized through
morphological characters and isozyme markers. The ef-
fect of the alien chromosome on the morphology of the
recipient species is chromosome specific, and nine mor-
photypes could be distinguished. The added chromo-
some caused a growth reduction in. the recipient plants.
Eleven isozyme systems were used as marker systems. A
6PGDH band was found as a marker for chromosome 7,
which contains a resistance gene for the beet cyst ne-
matode in monosomic additions from Beta procumbens
and Beta webbiana. A difference in the 6PGDH zy-
mogram pattern between the two species with respect to
this chromosome has been noted.
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Introduction

The wild species of Section Procumbentes (Beta procum-
bens 2n=18, Beta webbiana 2n=18 and Beta patellaris
2n=36) have primarily been of interest to sugar beet
breeders because their genomes contain the genes for
resistance to the beet cyst nematode Heterodera schachtii.
Also of economic importance are their monogermity and
resistance to Cercospora leaf spot and curly top virus
(Coons 1954). Efforts to hybridize these species to sugar
beet have been reviewed by Van Geyt et al. (1990a).
Another area of interest is the question of whether B.
procumbens and B. webbiana should be classified as two
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distinct species or as two extremes of a single ecospecies
(Curtis 1968). No difference in 11 isozyme patterns has
been found between the two species; thus, raising further
doubt as to their classification as two different species
(Wagner et al. 1989).

Monosomic addition lines, wherein a single chromo-
some of a wild species of Procumbentes is added to the
diploid complement of B. vulgaris, have been an impor-
tant means for breeding nematode-resistant beets (Savit-
sky 1975; Speckmann and de Bock 1982; Speckmann
et al. 1985; Heijbrook et al. 1983, 1988; Loptien 1984 a, b;
De Jong et al. 1985). This approach could, however, be
further utilized for the localization of specific genes, espe-
cially desirable ones, for ease in transferring them. For
instance, resistance to the Rhizomania vector Polymyxa
betae in monosomic additions from B. procumbens has
been localized on chromosomes 4 and 8 (Paul et al., in
preparation). Addition lines could, also be used to com-
pare chromosomes of different genomes, for example,
those of B. webbiana and B. procumbens, for taxonomic
clarification.

Nine types of monosomic additions in B. vulgaris
representing the nine different chromosomes of B. pro-
cumbens have been morphologically described (Lange
etal. 1988), and their corresponding isozyme markers
except for chromosome 7 have been reported (Van Geyt
et al. 1988). In this article we report on the morphology
and isozyme markers of the nine types of monosomic
additions in B. vulgaris from B. webbiana including an
isozyme marker for chromosome 7, which is also known
to contain the gene for resistance to the beet cyst ne-
matode. A difference in zymogram pattern with respect
to this chromosome between monosomic additions from
B. procumbens and B. webbiana has also been noted that
could possibly serve as a demarcation line between the
two species.
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Materials and methods

The monosomic additions used in this study were progenies of
the first backcross of triploid hybrids, resulting from a cross
between colchicine-tetraploidized B. vulgaris and B. webbiana,
to diploid sugar beet. Germination was very poor, and from
among those germinated, some were very weak and seemed
unable to form roots. To recover more plants, those weak ones
were grafted to cultivated beet (Loptien 1984a).

Three lines were the major source of the monosomic addi-
tions (2n=18+ 1), and their distribution is shown in Table 1.
The chromosome number was determined according to the tech-
nique described in Loptien (1984 a). In addition to the mono-
somic additions, however, plants having 2 or more added chro-
mosomes were considered for electrophoretical study. BC, pro-
genies of some monosomic additions were also included for
further isozyme analysis. Existing types a, b and ¢ monosomic
addition lines in Hanover were used to confirm results.

The enzymes were extracted from mature leaves. The extrac-
tions were carried out with extraction equipment using 250 pl of
a 5% sucrose solution with 0.1% mercaptoethanol for every
200-600 g of leaf material. The extract was centrifuged at
14,000 rpm for 15 min at 4°C. For ADH induction, mature
leaves were soaked in water in sealed glass containers for 48 h in
the dark before extraction.

Eleven isozyme systems were used for identifying the alien
chromosome. ICD, MDH, ACO, PRX, 6PGDH and ADH were
separated on horizontal gel electrophoresis for 3h at 300 V.
LAP, ACP and GOT were electrophoresed on 8% vertical poly-
acrylamide flat gels for 3 h at 500 V, while SOD and PGM on
6% vertical polyacrylamide flat gels for 2 h at 360 V. The sepa-
ration conditions and staining procedure for ACO, ACP, GOT,
ICD, LAP, MDH and PGM were adapted from Wagner (1990)
and Wagner and Wricke (1991); for ADH, 6PGDH and SOD,
from Vallejos (1983); and for PRX, from Endo (1972). For every
run at least two samples of B. vulgaris and B. webbiana were used
as controls. Where necessary, samples of B. procumbens or B.
patellaris were also included for comparison.

Results and discussion
Chromosome 1

The enzyme isocitrate dehydrogenase (ICD, Threo-Dy
isocitrate: NADP* oxidoreductase (decarboxylating)

Table 1. Monosomic additions from Beta webbiana used in the
electrophoretical study

Chromo- Isozyme markers Number of plants

some

number 3153 3155 3156 Total

1 ICD - 5 - S

2 MDH, PGM 1 12 7 20

3 LAP 1 21 1 23

4 ACP, GOT Band 6  — - 1 1

5 GOT Band 7 - - 5 5

6 ICD, PRX - 4 - 4

7 6PGDH fast zone - - 3 3

8 SOD, ACO, 2 12 2 16
6PGDH slow zone

9 ADH - 2 3 5

E.C.1.1.1.42) was localized in this chromosome. Mono-
somic additions with chromosome 1 showed one or two
extra bands on the fast zone as well as the gene products
between the parental species (Fig. 1). The ICD bands of
B. webbiana varied from one to four bands and migrated
faster than those of B. vulgaris. In B. vulgaris, three types
of ICD zymograms — two with three bands and one with
five bands — were observed, which is in agreement with
previous results (Van Geyt et al. 1988; Smed et al. 1989;
Wagner 1990). The ICD system in B. vulgaris is con-
trolled by two genes (Smed et al. 1989). Monosomic ad-
ditions from B. procumbens and B. patellaris of this type
also exhibited the same extra bands. Interspecific het-
erodimers between the gene products of B. procumbens
and B. vulgaris have likewise been reported (Van Geyt
et al. 1988; Smed et al. 1989).

Plants with an extra chromosome 1 have been previ-
ously described as type a and resistant to the beet cyst
nematode (Loptien 1984 b). They are annuals, have nar-
row leaves and erect growth (Fig. 3a).

Chromosome 2

Markers for chromosome 2 are malate dehydrogenase
(MDH; 1-Malate: NAD™* oxidoreductase E.C. 1.1.1.37)
and phosphoglucomutase (PGM; a-D-glucose 1,6 phos-
phomutase E.C. 5.4.2.2). Monosomic additions contain-
ing chromosome 2 had one or two extra bands that cor-
responded to the two fastest bands of B. webbiana
(Fig. 1). No hybrid bands were formed, a result similar to
findings in chromosome 2 monosomic additions from B.
procumbens (Van Geyt et al. 1988). On the Mdh{ locus,
or the fastest zone, we observed three phenotypes with
the homozygotes having one band and the heterozygotes
three bands. Five loci have been reported for the MDH
system (Aicher and Saunders 1990), and Mdhi codes for
a dimeric enzyme (Aicher and Saunders 1990; Van Geyt
et al. 1990b;, Wagner 1990).

The PGM marker band for chromosome 2 was visu-
alized on the slow zone of B. vulgaris and in the same
position as that of the faster of the two bands of B.
webbiana (Fig. 1). In B. vulgaris, two zones of activity
were observed within the fast zone, one fast or one slow
band, indicating that this locus codes for a monomeric
enzyme with two alleles (Smed et al. 1989; Aicher and
Saunders 1990). The slow zone was not polymorphic: one
band or two thin bands could be observed. No hybrid
bands were formed in the monosomic additions.

The effect of the alien chromosome on the recipient
plant is very specific, and only one morphotype was ob-
served (Fig. 3a, b). In monosomic additions from B. pro-
cumbens two morphotypes have been found (Lange et al.
1988). Plants have semi-erect growth, rather flat leaves
that are leathery and glossy, and in maturity the petioles
tend to fold at the base to form a rosette pattern. Com-
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pared to the other monosomic additions, they are among
the smallest and weakest. A very characteristic chromo-
some effect could be noticed at the flowering stage where
the plants showed ribbon-like flowering stalks.

Chromosome 3

The enzyme system leucine aminopeptidase (LAP; a-
Aminoacyl peptide hydrolase E.C. 3.4.11.1) serves as the
marker for plants with an extra chromosome 3. The LAP
marker is shown as one or two bands of B. webbiana
migrating at intermediary position between the two ac-
tivity zones of B. vulgaris (Fig. 1). Monosomic additions
with chromosome 3 exhibited the sum of bands seen in
both species, and no evidence of a hybrid band was
found. Three alleles were observed in the LAP1 zone of
B. vulgaris. The LAP2 zone where two or more bands
were usually found is generally weakly stained or no
bands appear at all.

The zymogram of monosomic additions from B. web-
_biana was compared with those monosomic additions
from B. procumbens and B. patellaris developed in our

institute. In comparison to B. webbiana and B. procum-
bens, B. patellaris showed two extra bands migrating in
the same region as that of LAP1 of B. vulgaris (not
shown). More plants have to be tested, however, to con-
firm this finding. But what seems to be interesting is that
the monosomic additions from B. webbiana and B. pro-
cumbens exhibited the first two slower bands relative to
the four bands noted in the position between the two
zones of activity in B. vulgaris, while the monosomic
additions from B. patellaris exhibited the next two faster
bands. This again confirms that B. patellaris is a distinct
species from B. webbiana and B. procumbens. With this
enzyme system no difference between B. webbiana and B.
procumbens could be seen with respect to chromosome 3
monosomic addition.

Even without the LAP marker, monosomic additions
with chromosome 3 from B. webbiana, B. procumbens
and B. patellaris could be easily identified through mor-
phological characters. Monosomic addition lines from
any of these three species look basically the same
(Fig. 3a, b). They have the glossiest leaves among the
additions, which could possibly be a specific effect of the
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alien chromosome. Lange et al. (1988) found no specific
morphotype with this type of monosomic additions.

Chromosome 4

Acid phosphatase (ACP; Orthophosphoryl monoester
phosphohydrolase E.C. 3.1.3.2) and glutamate oxalo-
acetate transaminase (GOT; L-Aspartate: 2-oxoglutarate
aminotransferase, E.C. 2.6.1.1.) have been used as mark-
er systems for additions carrying chromosome 4 from B.
webbiana. In the ACP system the products of B. webbiana
migrated faster than those of B. vulgaris. Generally, two
densely stained bands of B. webbiana appeared on the
gel, but there were runs where four thin bands were
noted. These bands serve as markers for chromosome 4.
Four different alleles have been found in the fast or
major zone of ACP in B. vulgaris. The slower zone was
usually smeared. Additions contained the bands from
both parental species, and no hybrid bands were ob-
served (Fig. 1).

The sub-lethal effect of chromosome 4 in B. procum-
bens has been documented (Lange et al. 1988) wherein
monosomic additions with this chromosome have very
much reduced growth and plants die at the seedling stage.
This could possibly be true in the case of B. webbiana for
we have only succeeded in obtaining one monosomic
addition carrying chromosome 4 that survived until ma-
turity, and that due to grafting. We were, however, able
to obtain plants with two or more added chromosomes
whereby chromosome 4 was present that were able to
reach maturity, due perhaps to the masking of the sub-le-
thal effect of chromosome 4. These plants were used to
confirm the isozyme markers for this chromosome type.

GOT band 6 (Fig. 1) of B. webbiana could also be
used to mark additions with chromosome 4. Similar to
the findings of Van Geyt et al. (1988) in B. procumbens,
we found at least seven bands in B. webbiana, which we
also numbered consecutively in order of increasing mo-
bility. In additions with chromosome 4, the bands could
be readily seen at GOT2 zone (Fig. 1) with two bands
coming from B. vulgaris and one band corresponding to
GOT band 6 of B. webbiana. The B. vulgaris bands in
GOT2 were usually fused and appeared as one thick
band. There was no indication of the presence of hybrid
bands.

For reasons not yet understood, the GOT system in
B. vulgaris is not an easy one to study. Bands observed in
first studies did not appear in subsequent testing, and
seasonal change could not be discounted as a possible
influencing factor. It was only after much testing that we
could be truly sure of our results. The ACP marker for
chromosome 4, however, is usually expressed and is in
our opinion, the preferred enzyme marker system.

Despite the sub-lethal effect of chromosome 4, mono-
somic additions of this type form B. procumbens have

been reported to be resistant to the Rhizomania vector,
Polymyxa betae (Paul et al. in preparation) rendering it
interesting for further study. The only monosomic addi-
tion we obtained has deep green and oblong ovate leaves
and is leathery in texture (Fig. 3b). The leaf margin is
usually finely serrated. These morphological characters
are unique for this type of monosomic addition.

Chromosome 5

Monosomic additions positive for GOT band 7 (Fig. 1)
of B. webbiana have been classified as a chromosome 5
type. In B. webbiana which was used as a control and is
shown here, band 7 is not present. No hybrid bands were
formed in contrast to the findings of Van Geyt et al.
(1988), who reported the formation of heterodimers mi-
grating intermediary between the parental bands in
monosomic additions from B. procumbens.

The leaves of monosomic additions with chromo-
some 5 (Fig. 3b) are rather flat and with an acute leaf
apex; they are dull green and fine in texture. These mono-
somic additions have a semi-erect growth type and re-
duced growth.

Chromosome 6

Chromosome 6 can be identified in monosomic additions
by means of cathodal peroxidase (PRX, Donor: hydro-
gen peroxide oxidoreductase; E.C.1.11.17) and ICD. The
PRX marker band, which could only be diagnostically
determined through starch gel electrophoresis (SGE), is
the major and fastest band of B. webbiana. We found that
no other band co-migrated with the B. webbiana PRX
band. Polyacrylamide gel electrophoresis (PAGE) and
isoelectric focusing (IEF) gave, however, different results
whereby monosomic additions could not be distin-
guished from the sugar beet. Whether the discrepancy
was due to the electrophoresis conditions or to the pH of
the gel could not be determined. The monosomic addi-
tions exhibited the PRX marker band and the sugar beet
band, which is also the major and fastest band. (Fig. 2).
In B. vulgaris, the fastest migrating zone (PRX1) was not
polymorphic and was characterized by a single band, but
the next fastest zone (PRX2) behaved as a monomer (not
shown). Both zones could be observed in mature leaves.
Only the fastest zone could be observed in young plants.
No hybrid bands were observed between parental spe-
cies.

Lange et al. (1990) reported that monosomic addi-
tions with chromosome 1 from B. procumbens were pos-
itive for ICD but not for PRX, which distinguished it
from addition lines with chromosome 6. They also differ
from each other by their resistance to the beet cyst ne-
matode: monosomic addition lines with chromosome 1
are resistant, while those with chromosome 6 are suscep-
tible. We also found monosomic additions from B. webbi-
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ana that stained positive for ICD and PRX and classified
these plants as chromosome 6 types. These plants charac-
teristically have longer petioles than the so-called chro-
mosome type 1 monosomic addition. The ICD marker
for both monosomic additions 1 and 6 are the same,
which could be accounted for perhaps by the duplication
of chromosome segments in the course of evolution. The
duplication of chromosomes or chromosome segments in
Brassica oleracea has been reported (McGrath et al.
1990). What we did not understand, however, is that we
also found monosomic additions of the supposed type a
from all three species of Procumbentes that are resistant
to the beet cyst nematode and clearly positive for both
the ICD and PRX markers. Preliminary results also
showed that fragment lines from type a B. patellaris
monosomic addition have the PRX marker. Further in-
vestigations are being carried out.

L S

Fig. 2. The enzyme systems PRX, 6PGDH,
SOD, ACO and ADH. Arrows point to the
marker band(s). # Monosomic additions,
o Beta vulgaris, o Beta webbiana. The num-
bers correspond to the added chromosome
for the particular isozyme system. Un-
marked zymograms are monosomic addi-
tions negative for the enzyme stained

Chromosome 7

This monosomic addition has been previously described
as type b and is known to be resistant to the beet cyst
nematode (Loptien 1984 b). It has reduced growth and
narrow leaves that droop at maturity in a most remark-
able manner. No isozyme marker has been reported so
far to identify this type (Jung etal. 1986) nor in the
monosomic addition with chromosome 7 from B. pro-
cumbens (Van Geyt et al. 1988).

We found, however, that the enzyme system 6-P-glu-
conate dehydrogenase (6PGDH, 6-Phospho-p-glu-
conate: NADP™'-2-oxidoreductase (decarboxylating)
E.C.1.1.1.44) could be utilized to mark such chromo-
some types. Plants having this extra chromosome showed
a band corresponding to the fastest band of B. webbiana
(Fig. 2). In B. webbiana, we observed two zones of activ-



Fig. 3a, b. Morphology of the different monosomic additions.
The numbers correspond to the added chromosome

ity: the faster zone exhibiting two bands, the slower one,
one or two bands. The slower zone has been earlier re-
ported to be a marker for chromosome 8 from B. procum-
bens (Van Geyt et al. 1988). Three or four bands have
been observed in B. vulgaris, confirming previous results
(Van Geyt etal. 1990b; Aicher and Saunders 1990).
Monosomic additions with chromosome 7 showed the
marker band from B. webbiana and bands from B. vul-
garis. No hybrid band was noted.

If this marker band could indeed identify chromo-
some 7, it would also perhaps hold true for type b from
B. procumbens, which has similar characteristics from the
monosomic addition from B. webbiana, i.e., morphologi-
cally similar and resistant to the beet cyst nematode. We
tested type b lines from both B. webbiana and B. procum-
bens that are maintained at our institute and confirmed
our finding: monosomic additions from B. procumbens
had the 6PGDH marker for chromosome 7. There was
also a difference in the banding pattern of this chromo-
some between the two species. Monosomic additions
from B. procumbens showed one more faster band and
the two extra bands were more widely spaced from each

other compared to the bands from B. webbiana (Fig. 2).
This observation suggests that perhaps B. webbiana and
B. procumbens differ in some small or point mutations.
No differences in other enzyme systems have been found
when monosomic additions from B. procumbens and B.
webbiana have been compared. More tests, however, es-
pecially at the molecular level, are needed.

Previous workers did not find a difference between B.
procumbens and B. webbiana using recent techniques and
methods such as restriction analysis of ctDNA (Kishima
et al. 1987; Fritzche et al. 1987) and isozymes (Wagner
et al. 1989). The morphology and chromosome pairing in
hybrids between B. patellaris and B. webbiana or B. pro-
cumbens could not provide evidence whether B. webbiana
or B. procumbens are the same species or two different
ones (Sobek 1991).

Chromosome 8

The enzyme systems aconitase [ACO, citrate (isocitrate)
hydrolyase) E.C. 4.2.1.3], superoxide dismutase (SOD,
superoxide: superoxide oxidoreductase E.C. 1.15.1.1)
and 6PGDH differentiate monosomic additions carrying
chromosome 8 from the other additions. They showed
two aconitase bands of B. webbiana and also the B. vui-
garis bands (Fig. 2), which migrated faster than the B.
webbiana bands. The aconitase marker bands for mono-
somic addition type c¢ from both B. procumbens and B.
webbiana (Jung et al. 1986) and chromosome 8 from B.
procumbens (Van Geyt et al. 1988) have been reported.

SOD showed three zones of activity in B. vulgaris that
were not polymorphic. Monosomic additions with chro-
mosome 8 could be identified by having the slowest
bands of B. webbiana and also that of B. vulgaris (Fig. 2).
A hybrid band was formed that migrated at a intermedi-
ary position between the parental bands. There was no
difference in banding pattern between monosomic addi-
tions carrying chromosome 8 from B. webbiana and B.
procumbens.

The slower 6PGDH bands of B. webbiana are also
markers for chromosome 8 (Van Geyt 1988; Jung et al.
1986; Fig. 2). B. webbiana had two bands migrating more
slowly than that of B. vulgaris. The monosomic additions
exhibited the bands of the parental species as well as the
hybrid bands formed between them.

This monosomic addition has been known as type ¢
(Jung et al. 1986; Jung and Wricke 1987), which is the
third type resistant to the beet cyst nematode. The plants
are characterized by their broad, undulating leaves and
thickened petioles (Fig. 3a, b). The leaf surface is rugged.
We observed similar morphological features in mono-
somic additions from B. procumbens. In monosomic ad-
ditions from B. procumbens, chromosome type 8 is resis-
tant to Polymyxa betae (Paul et al. in preparation).



Chromosome 9

Alcohol dehydrogenase (ADH, alcohol: NADP* oxi-
doreductase E.C. 1.1.1.1), a marker system for chromo-
some 9 from B. procumbens (Van Geyt et al. 1988), could
also be used to mark this chromosome from B. webbiana.
The ADH system in B. vulgaris is controlled by one
genetic locus inherited in a Mendelian way and behaves
as a dimer (Van Geyt and Jacobs 1986). In a het-
erozygous condition, three bands could be observed in B.
vulgaris and the single B. webbiana band migrated at the
same position as the intermediate band of B. vulgaris.
Additions with chromosome 9 exhibited the parental as
well as the newly formed hybrid bands (Fig. 2). Morpho-
logically, monosomic additions with chromosome 9 have
flat broad leaves (Fig. 3b), which differentiated them
from the rest of the monosomic additions.

Other enzyme systems are being tested as markers for
chromosome 9 since ADH is a difficult system to use,
especially when seeds are not available as material. ADH
needs to be induced under anaerobic conditions for at
least 12 h if leaf materials are to be tested; thus limiting
the practicability of this system.

Conclusions

The nine chromosomes of B. webbiana can be differenti-
ated from each other using isozyme markers. The mark-
ers used in identifying the alien chromosome in mono-
somic additions from B. procumbens are basically the
same as those from B. webbiana, suggesting a close rela-
tionship between the two species. Each chromosome has
also a very characteristic morphological effect on the
recipient species, B. vulgaris. Another remarkable effect
is the reduction in growth in all the nine types.
Monosomic additions could be utilized in answering
basic questions of taxonomy and likewise find applica-
tion in plant breeding. Monosomic addition lines make it
possible to characterize further each of the nine chromo-
somes of B. webbiana and to compare them to other
monosomic additions from other species in Procumben-
tes, for example, B. procumbens, to determine exactly
whether these two species are distinct and to be classified
as such or to be considered as two extremes of a single
ecospecies. We found differences in the 6PGDH zy-
mogram pattern between the monosomic addition with
chromosome 7 from B. procumbens and B. webbiana, but
further tests are still needed for conclusive evidence. Fur-
thermore, the characterization of a complete series of
monosomic additions from both B. procumbens and B.
webbiana may help determine whether B. patellaris is an
autotetraploid or amphidiploid. Preliminary results with
two monosomic additions from B. patellaris showed the
same jsozyme marker bands as those from B. procumbens
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and B. webbiana. Another monosomic addition, i.e., type
3, shared two bands exhibited by the two other species,
but in another manner had two more extra bands. It
could have been possible that earlier in evolution the
three species had the same basic complement, but B.
patellaris had undergone further polyploidization.

The monosomic additions could also be used to local-
ize genes such as the genes for resistance to the beet cyst
nematode, Cercospora leaf spot, Rhizomania and curly
top virus. In this manner, the transfer of these desired
genes to the cultivated beet through conventional breed-
ing or genetic engineering is facilitated. They could also
elucidate the number of genes containing resistance to
the beet cyst nematode: in B. procumbens two have been
reported (Van Geyt et al. 1988; Lange et al. 1988), while
in B. procumbens and B. webbiana three have been report-
ed (Loptien 1984 b; Jung and Wricke 1987; Jung et al.
1986, 1992).

Attempts to identify and characterize alien chromo-
somes in monosomic addition have been made (Léptien
1984b; De Jong et al. 1985). However, isozymes have
been proven to be a fast and easy method to identify the .
added chromosomes. The 6PGDH marker for chromo-
some 7 could facilitate the tedious screening of plants of
this type that are resistant to the beet cyst nematode.

Further characterization of the monosomic addi-
tions, especially at the molecular level are deemed desir-
able to be able to detect more polymorphisms that could
be useful in the genetic improvement of beet.
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