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Summary. An isoenzyme survey of some taxa in the genus
Lotus (Fabaceae) was undertaken to increase the number
of genetic markers available to breeders and to students
of Lotus phylogeny. Twenty-one enzymes were examined
using starch gel electrophoresis and nine buffer systems.
Clear, consistent banding patterns were obtained for
PGI, TPI, MDH, IDH (NADP), PGM, 6-PGDH, and
ME. Clear but inconsistent banding patterns were ob-
tained for FDP, G,PDH (NADP), §-EST, LAP, MDH,
DIA, and NADHDH. Phenotypes of the seven con-
sistently resolved enzyme systems were obtained for dif-
ferent tissues for each of several genotypes at different
stages of development. Variation in enzyme phenotypes
of the same individuals under different growth condi-
tions indicated the presence of different isozymic forms
of these enzymes. Shoot tissue of plants over 6 weeks of
age was found to be suitable material for further genetic
studies, since phenotype for this tissue was constant de-
spite changes in growing conditions. A formal genetic
analysis of segregation and/or recombination of allo-
zymes for the enzymes PGM, TPI, MDH, IDH, and
6-PGDH was undertaken. Isoenzyme phenotypes were
examined for the diploids L. alpinus Schleich., L. burttii
Sz. Borsos, L. conimbricensis Brot., L. ornithopodioides
L., L. tenuis Waldst. et Kit., and L. wliginosus Schkuhr;,
and for the diploid interspecific hybrids L. alpinus
x L. conimbricensis, L. burttii x L. ornithopodioides, and
L. japonicus x L. alpinus. Several new loci were identified
for Lotus, namely, Idhi, Idh2, Mdh3, Pgii, Pgi2, Tpil,
Tpi2, and 6-Pdghl. Duplications of loci of IDH, MDH,
PG, and 6-PGDH were detected in the diploid (2 =12)
interspecific hybrid L. japonicus x L. alpinus.
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Introduction

Lotus corniculatus L. (2n = 4x = 24), Birdsfoot Trefoil,
is a forage legume with many advantages for use in cool,
wet climates. However, it has certain disadvantages that
limit its use. Perhaps the most serious of these is seed-pod
dehiscence (Seaney and Henson 1970; Grant and Marten
1985). Attempts have been made to overcome these limi-
tations by means of selection within the species (Peacock
and Wilsie 1957, 1960) and by interspecific hybridization
(Phillips and Keim 1968; O’Donoughue and Grant
1988).

Breeding of birdsfoot trefoil is difficult due to a lack
of qualitative genetic markers and due to the small chro-
mosome size and similarity among karyotypes for differ-
ent species (Zandstra and Grant 1968; Grant 1986). The
few characters for which formal genetic analyses have
been undertaken have been found to segregate in an
imperfect tetrasomic manner in L. corniculatus. Qualita-
tive characters that have been noted include cyanoge-
nesis, leaf size, leaf color, keel tip color, flower striation,
pubescence, self-incompatibility, phenolics, presence of
tannins, and Rhizobium specificity (Dawson 1941; Dono-
van and McLennan 1964; Poostchi and MacDonald
1961; Buzzell and Wilsie 1963; Bubar and Miri 1965;
Harney and Grant 1965; Ross and Jones 1985).

The purpose of the study reported here was to dis-
cover polymorphic isoenzyme loci that may be useful in
characterization of Lotus genotypes and, thus, to in-
crease the number of genetic markers available within the
genus. Isoenzymes have provided a large number of ge-
netic markers for other taxa (Tanksley and Orton 1983),
but their study in Lotus has been limited. One of the few
reports on isoenzyme phenotypes in Lotus was that of
De Lautour et al. (1978). They examined L. tenuis and
L. corniculatus for phenoloxidase, phosphatase, esterase
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Table 1. Taxa of Lotus used in this study along with their accession number, genotype, use, and source

Taxon Accession no. Genotype Use Source
L. alpinus 77 several hybrid and Grant et al. (1962)
Schleich. parental species
L. alpinus x (77 x 126) 1 hybrid and Synthetic interspecific hybrid
L. conimbricensis parental species (O’Donoughue and Grant 1988)
L. burttii Sz. Borsos 303 several hybrid and Royal Botanic Gardens, Edinburgh;
parental species Collector: B.L. Burtt;
Origin: Peshawar, Pakistan
L. burttii Sz. Borsos (303 x 100) 1 hybrid and Synthetic interspecific hybrid
x L. ornithopodioides L. parental species (O’Donoughue and Grant 1988)
L. conimbricensis Brot. 126 several hybrid and Commonwealth Scientific and Industrial
parental species Research Organization, Canberra,
Australia; Origin: Portugal
L. japonicus (Regel) (129 x77) 23 pollen and progeny Synthetic interspecific hybrid
Larsen x L. alpinus 28 from selfing (Somaroo and Grant 1971)
L. ornithopodioides L. 100 several hybrid and Commonwealth Scientific and Industrial
parental species Research Organization, Canberra,
Australia, C.P.I. No. 19526,
Collector: J.F. Miles; Origin: Tunisia
L. tenuis 109 21 standard Australia, C.P.I. no. 23788
Waldst. et Kit 20 Origin: Turkey
L. uliginosus 193 52 standard Service de la Recherche Agronomique
Schkuhr buffer assay et de ’Experimentation Agricole, Rabat

life stages

Morocco

and peroxidase enzymes. No attempt was made to deter-
mine segregation of phenotypes or the genetic basis for
the isoenzyme patterns.

The findings of a series of experiments designed to
define the protocols for obtaining reproducible isoen-
zyme phenotypes in Lotus and to examine the genetic
basis for isoenzyme phenotype are presented in this pa-
per. In the first experiment, 21 enzymes were examined
using horizontal starch gel electrophoresis with 9 differ-
ent buffer systems. Changes in enzyme phenotype associ-
ated with different life-cycle stages and different tissues
were examined in a second experiment, to determine
which differences can be associated with ontogenic fac-
tors. In a third experiment, the segregation of enzyme
phenotypes among progeny of selfed heterozygous inter-
specific hybrids was examined to determine whether en-
zyme phenotype conformed to Mendelian expectation.

Materials and methods
Plant material

Isoenzyme electrophoresis was performed on both sporophyte
leaf tissue and on pollen. The various plant taxa and genotypes
and their use in this study are listed in Table 1. All material was
obtained from the world Lotus collection maintained by
W.F. Grant at Macdonald College of McGill University.
Accession numbers and/or genotypes are given in parentheses
following the name of the taxon.

Several individuals of Lotus uliginosus (accession no. 193),
which originated in Morocco, were used for the initial enzyme-
buffer experiment. These plants were grown in the greenhouse
under short-day, non-flowering conditions with natural day-
light. Different individuals from the same seed accession were
used for the second life-stage experiment. These plants were
grown under controlled conditions in a growth cabinet as fol-
lows:

Short-day regime: 12 h under cool white fluorescent light at
an intensity of 83.5 pEinsteins sec™! m~2 with a light tempera-
ture of 23°C and a dark temperature of 20°C. Electrophoresis
was performed on entire seedlings (with two leaves), and on
both shoots and roots of 6-week old plants.

Long-day (flowering) regime: 18 h under cool white fluores-
cent light with approximately 10% incandescent light at a total
light intensity of 275 pEinsteins sec ™! m ~2 with a light temper-
ature of 24°C and a dark temperature of 20°C. Electrophoresis
was performed on both shoots and roots of plants that were 12
weeks old.

Electrophoretic phenotypes for the enzymes PGI, MDH,
IDH, and 6-PGDH were examined for two interspecific hybrid
genotypes (23 and 28), derived from the cross L. japonicus
x L. alpinus, and for the progeny obtained from selfing these
individuals. Plants were selfed by tripping the flower keels with
the tip of a toothpick to which a small piece of sand-paper was
attached. Self-fertilized plants were then kept in a netted cage to
avoid contamination by foreign pollen carried by insects. Seed
was collected when pods became brown (approximately 35 days
after pollination). From each parent, 125 seeds were planted in
flats in the greenhouse. Electrophoresis was performed when the
plants were approximately 2 months old.

Genetic recombination of electrophoretic phenotypes for
the enzymes PGM and TPI was studied by examining two inter-



Table 2. Buffers used during preliminary experiments
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Buffer pH Composition Electro- Reference
phoretic
amperage
A 5.0 Electrode: 0.05 M L-histidine (free base) 25mA Cardy et al. (1981)
0.024 M citric acid (monohydrate), adjusted to pH
Gel: 1:12 dilution of electrode buffer
B 5.7 Electrode: 0.065 M L-histidine (free base) 25 mA Cardy et al. (1981)
0.02 M citric acid (monohydrate), adjusted to pH
Gel: 1:6 dilution of electrode buffer
C 6.1 Electrode: 0.04 M citric acid (anhydrous), adjusted to pH with 50 mA Clayton and Tertiaak (1972)
N-(3-amino propyl)-morpholine
Gel: 0.007 M citric acid (anhydrous), adjusted to pH
with N-(3-amino propyl)-morpholine
D 6.5 Electrode: 0.065 M L-histidine (free base) 25 mA Cardy et al. (1981)
0.002 M citric acid (anhydrous), adjusted to pH
Gel: 1:3 dilution of electrode buffer
E 7.0 Electrode: 0.41 M citrate (trisodium salt) 30 mA Fildes and Harris (1966)
0.41 M citrus acid (anhydrous), adjusted to pH
Gel: 0.005 M histidine (hydrochloride monohydrate),
adjusted to pH with NaOH
F 741 Electrode: 0.1 M tris, 0.05 M citric acid (anhydrous), 60 mA Modified from Ayala
adjusted to pH, 0.001 M EDTA (disodium salt) et al. (1973)
Gel: 0.1 M tris, 0.003 M citric acid (anhydrous),
0.001 M EDTA (disodium salt), adjusted to pH
G 7.8 Electrode: Same as in F, except pH 40 mA Modified from Ayala
Gel: Adjusted to pH 7.8 with tris or citric acid etal. (1973)
H 8.0 Electrode: 0.16 M tris, 0.05 M citric acid (anhydrous) 40 mA Modified from Ayala
Gel: 7% electrode buffer et al. (1973)
I 8.1 Electrode: 0.06 M LiOH, 0.3 M boric acid, adjusted to 40 mA Ridgway et al. (1970)
pH 8.1
8.4 Gel: 90% 0.03 M tris, 0.05 M citric acid (anhydrous),
adjusted to pH 8.4; 10% electrode buffer
J 8.1 Electrode: 0.3 M boric acid, adjusted to pH 8.2 with 40 mA Schaal and Anderson (1974)
0.1 M NaOH
8.8 Gel: 0.15 M tris, 0.005 M citric acid (monohydrate),

adjusted to pH 8.8

specific hybrids (produced by L. S. O’Donoughue), L. burttii
x L. ornithopodioides and L. alpinus x L. conimbricensis (O’Do-
noughue and Grant 1988) and comparing their phenotype to
that of their parents. Since these hybrids were infertile, it was not
possible to study segregation of phenotypes among the progeny.

Two diploid individuals, Lotus wuliginosus (193-52) and L.
tenuis (109-21), were included in electrophoretic gels as stan-
dards to which the banding pattern of other samples could be
compared.

Electrophoresis

Enzymes were extracted from young shoot tips and leaves and
from roots by grinding approximately 100 mg (fresh weight) of
tissue in 350 pl of an extraction buffer consisting of 0.1 M tris-
HCI (ph 7.5), 1.0mM EDTA (disodium salt), 10ma MgCl,
-H,0 and 10mM KCI, to which 100 mg of polyvinyl pyrro-
lidone per mL of buffer were added (Gottlieb 1981). Just prior
to grinding, ten pl of 2-mercaptoethanol were added. Tissue
samples were kept cold during this procedure by placing on ice.

This crude homogenate was applied directly to gels by means of
small wicks made of Whatman No. 4 filter paper.

Pollen enzymes were extracted in a buffer of 0.1 M K,HPO,
(dibasic anhydrous) adjusted to pH 7.0 with HCI (Weeden and
Gottlieb 1980), to which was added 50 pl glycerol and 50 mg of
polyvinyl pyrrolidone per mL of buffer. 2-Mercaptoethanol was
not used with the pollen phosphate buffer. Pollen was collected
into microanalyzer vials by gently rubbing the keel tips of the
flowers with a toothpick tipped with a small piece of sandpaper.
Fifty pl of chilled buffer was added to approximately 20 pl of
pollen, which was then allowed to soak overnight at 4°C. Prior
to application of the gels, the soaked pollen was either applied
directly to the starch gels using filter paper wicks or else crushed
with a teflon pestle designed to fit the microanalyzer vial.

In the initial experiment, each of 21 enzymes was assayed on
9 different buffer systems. The buffer systems ranged from
pH 5.0-pH 8.8 (Table 2). The 21 enzymes are described in
Table 3. The staining recipes for cach enzyme have been detailed
in various publications. Those used in this experiment were
published by O’Malley et al. (1980), Vallejos (1983), and Cheliak
and Pietel (1984).
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Table 3. Quality of banding phenotypes for various enzymes
using different electrophoresis buffer systems for L. wl/iginosus
accession no. 193

Enzyme Electrode/Gel buffer system (Table 1)
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1 Staining, but blurred, no distinct bands; 2 bands appear, but
faint and difficult to read; 3 distinct, clear bands sometimes
occur but not consistently; 4 distinct, clear bands consistently
obtained

Genetic models

The formal description of loci and alleles is as follows: Each
locus is named by giving the enzyme an abbreviation followed
by a number which refers to the locus, for example, Pgi2 or Idh3.
Electrophoretic bands are denoted by their mobility relative
to one commonly occurring band, which is arbitrarily as-
signed the relative mobility of 100. If, for example, the band
designated as 100 migrates 25 mm from the origin during elec-
trophoresis and a second band migrates 15 mm, then the second
band is designated as 15/25 x 100 = 60. An allele at a given locus
is designated by giving the locus name and number followed by
a dash and the relative mobility of the band that is produced
when that locus is homozygous for that allele, for example,
pgi2-60. These formal allelic designations of loci are abbreviated
for simplicity during much of the discussion. Informally, the
most anodally migrating allele of a given set of alleles is called
fast (F) and the most cathodally migrating allele is called slow
(S). A third allele that migrates between F and S is called middle
(M). A further abbreviation is used in figures and tables: the
alleles of a genotype are numbered. If three alleles are present
within a single genome, the genotype is given three numbers, if
two are present, it is given two numbers. For three alleles the
numbers designate the number of copies of £ M, and S, present.
For example, the genotype FFMS would be coded as 211, and
the genotype FMSS as 112. When only two alleles are present,
only two numbers are used, for example, FSSS becomes 13.
The enzyme products of separate isozymic loci are typically
isolated in separate subcellular compartments and are often
found in distinct zones of the zymogram (Weeden 1983). Apart

from the distinct loci that encode isolated subcellular forms of
the same enzyme, there may also occur duplication of a given
locus that encodes a given isozymic form. These duplications
have been found in diploids but are most often associated with
polyploidy and have been used as a criterion for ascertaining
basic chromosome number (Gottlieb 1981). For dimeric en-
zymes such as PGI, the products of these duplicated loci can
interact and form interlocus heterodimers (Tanksley et al. 1981;
Weeden and Gottlicb 1980).

If such a duplicated locus is present in a genome, the 1:2:1
ratio of band density associated with the heterozygous genotype
of a dimeric enzyme may be distorted because the alleles, and
thus the polypeptide subunits, may not be present in a 1:1 ratio.
Three or four different alleles may be present within a single
genome. An individual with duplicated loci and heterozygous
for three alleles will produce six different types of dimers, three
homodimers and three heterodimers (all of these may not be
distinguishable on the electrophoretic gel). @stergaard and Niel-
sen (1981) have demonstrated such complex phenotypes for PGI
in tetraploid ryegrass (Lolium perenne L.).

The band density of any phenotype of any level of enzyme
quaternary structure (dimer, trimer, tetramer, etc.) can be pre-
dicted from the genotype by the multinomial expansion:

[(f+m+s+. ) )Ymst. )] (FEM™S..)

where upper case letters refer to the number of copies of a given
allele: K M, S, etc., within the genome and where the lower case
letters refer to the number of polypeptides of a given type:
f,m, s, etc., within a particular active enzyme molecule (May
1980).

The expected electrophoretic phenotypes for individuals
with various doses of distinct alleles for a dimeric enzyme con-
tained within their genomes have been calculated according to
the formula and are presented graphically in Figs. 1 and 2. An
allelic dose is equivalent to the number of copies of any allele;
a diploid with a nonduplicated locus would have two allelic
doses, a tetraploid or a diploid with a duplicated locus would
have four, etc. Expected phenotypes when two distinct alleles
are present are shown in Fig. 1, and those phenotypes expected
when three distinct alleles occur are shown in Fig. 2. Only five
bands, rather than the theoretical six, are shown for individuals
that are heterozygous for three alleles because the heterodimer,
fs, generally migrates the same distance as the homodimer, mm,
and is, thus, not distinguishable on electrophoretic gels. The top
of each diagram corresponds to the anodal end of a gel and the
bottom corresponds to the cathode and origin of electrophoretic
migration.

Polilen electrophoresis

1t is possible to distinguish between isozyme components that
occur in the cytoplasm and those that are sequestered within
organelles using pollen electrophoresis (Weeden and Gottlieb
1980). If pollen is allowed to soak in extraction buffer only,
cytosolic enzymes will be released. When the pollen is crushed in
the same buffer, organelle-sequestered enzymes will also be re-
leased and the electrophoretic phenotype will show all isozymic
forms. Comparison of zymograms between soaked and crushed
pollen can distinguish between isozymic forms of an enzyme.

Results
Enzyme and buffer experiment

Seven enzymes produced clear consistent isoenzyme
bands (Table 3). These are IDH (NADP) and MDH (tris-



citrate buffer, F, pH 7.1), Me, 6-PGDH, and PGM
(histidine-citrate buffer, D, pH 6.5) and PGI and TPI
(LiOH-borate buffer, I, pH 8.1-8.4). All subsequent re-
search was confined to these seven enzyme systems.
However, it should not be interpreted that the other
enzymes could not necessarily be made to produce useful
zymograms by adjusting experimental conditions.
Other enzymes, besides the seven mentioned above,
did produce well-banded phenotypes, but these were not

Two allelic doses

[ -1
Phenotype ®2
- Y
Genotype 20 " 02
Four allelic doses
° -9 - -1
Phenotype -6 ®2 @6
-1 - 1 - 9 [ J
Genotype 40 31 22 13 04
Six allelic doses
[ ®25 -3 -1 -1 -1
Phenotype -5 g e, ®s -5
-1 -1 - ® 8 2 e
Genotype 60 51 42 33 24 15 06
Eight allelic doses
® o9 =g @5 «) =g ~-1 =1
Phenotype -1 =, @30 ®2 @30 « [, =)
-1 =9 =9 e @255 @, @
Genotype 80 71 62 53 44 3B 26 17 08

Fig. 1. Expected isoenzyme banding phenotypes for individuals
with various doses of two alleles with distinct electromobility
for a dimeric enzyme
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consistent. These enzymes were AAT, p-Est, FDP,
G,PDH (NADP), LAP, DIA, MR, and NADHDH.
These enzymes can be considered to be useful but diffi-
cult to work with.

DIA, MR, and NADHDH, though theoretically
distinct enzymes, produced identical banding phenotypes
with our material, that is, the staining recipes that were
used did not distinguish among the enzymes. MR was the
easiest of these to use, and since they all produced the
same phenotype, this enzyme is recommended for use in
electrophoretic studies of Lotus.

Life cycle stage and tissue type

Graphic summaries of the different phenotypes found for
individuals of L. uliginosus (acc. no. 193) are presented in
Figs. 3a and 3b. In these diagrams, the most anodal
band is arbitrarily assigned a relative mobility of 100,
and all other bands are indicated as having a relative
mobility which is a percentage of this most anodal dis-
tance. Phenotypes of both roots and shoots are shown
for both short-day and long-day growing conditions.

Two types of variation were associated with ontogen-
ic change. The first of these was the absence of a particu-
lar zone from the zymogram such as the lower bands of
MDH (absent in seedlings and roots), IDH (absent in
seedlings), and PGM (absent in roots). This variation
with type of tissue suggests differential regulation of
distinct loci. The second type of variation was the dis-
placement of the position of certain entire groups of
bands for root enzymes while the positions of the bands
within the group remain constant.

The uppermost band for PGI phenotypes of roots is
more anodal, as is the thick band for ME, while for
MDH phenotypes, the three uppermost bands are all
shifted towards the anode in roots. The mechanisms of
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Fig. 3a and b. Summary of isozyme phenotypes for Lotus uligi-
nosus at different stages of development and in different tissues.
a Isozymes PGI, TPI, PGM, and MDH. b Isozymes IDH,
6-PGDH, and ME. Se =seedling (two true leaves). S. D. =after
6 weeks of short-day growing conditions. L. D. =after 12 weeks
with final 6 weeks under long-day growing conditions.
S=shoot. R=root. The y axis shows relative mobility

Fig. 4a and b. Photographs of isoenzyme banding phenotypes.
a For PGM for diploids L. burttii (acc. no. 303; lanes 2-35),
L. ornithopodioides (acc. no. 100; lanes 7—11), and for the inter-
specific hybrid L. burttii x L. ornithopodioides (lane 6). Lane 1 is
L. tenuis (109-21), which is used as a standard. b For TPI for
diploids L. alpinus (acc. no 77; lanes 1-5), L. conimbricensis
(acc. no. 126; lanes 7-10), and for the interspecific hybrid
L. alpinus x L. conimbricensis (lane 6). Lane 11 is L. uliginosus
(193-52), which is used as a standard

these shifts are uncertain (perhaps variation in non-
peptide protein groups, glycosolation, or conformational
change in distinct chemical environments). Of concern in
this study is the fact that they are associated with
ontogenic and not genetic factors. Shoot material of
plants older than 6 weeks displayed consistently com-
plete and invariable isoenzyme phenotypes for any indi-
vidual regardless of day-length. Consequently, such ma-
terial was used in subsequent genetic studies without
further concern for day-length.

Pollen electrophoresis

Successful staining was obtained for pollen for the en-
zymes PGM and TPI. Isoenzyme phenotypes for sporo-
phytes, and for soaked and crushed pollen for PGM
and TPI for two genotypes of the interspecific hybrid
L. japonicus x L. alpinus, are shown in Fig. 5a, b. The
lowest or most cathodal band fails to appear in the zymo-
gram for soaked pollen. It can be concluded from these
results that the upper zone for PGM and TPI represent
cytosolic isozymes, whereas the other zones for these
enzymes correspond to organelle sequestered enzymes.



Genetic recombination and segregation
of isoenzyme markers

PGM. The interspecific hybrid L. burttii x L. ornithopo-
dioides was the only individual available that was hetero-
zygous for PGM. This individual was infertile so that no
segregation studies could be performed. The recombina-
tion of PGM alleles in the interspecific hybrid is shown
in Fig. Sc. Each of the parents displayed a common
PGM band (relative mobility 100) in addition to another
band which was not shared. The hybrid phenotype con-
tains all three parental bands but no new hybrid bands
occur. This implies that PGM is a monomeric enzyme
and agrees with previous reports (Warwick and Gottlieb
1985; Gottlieb 1981; Kahler and Lay 1985; Wolf et al.
1987).

TPI. The interspecific hybrid L. alpinus x L. conimbricen-
sis was heterozygous for the more anodal (cytosolic)
locus of TPI. This hybrid is also infertile, precluding
segregation studies. The parental species each possessed
distinct bands for this locus (relative mobility 100 and
110). The hybrid phenotype contains both of these bands
plus a hybrid heterodimeric band between them (Fig. 5d).
The hybrid band indicates that the cytosolic TPI enzyme
is dimeric, a fact which also agrees with previous reports.
This hybrid is the only individual that we have observed
that is heterozygous for the cytosolic TPI locus.

PGI. The two genotypes (23 and 28) of the interspecific
diploid hybrid L. japonicus x L. alpinus were hetero-
zygous for the more cathodal (cytosolic) isozyme of PGI.
These hybrids are fertile and were selfed to produce
progeny. The segregation of phenotypes among these
progeny was analyzed. The phenotypes and the number
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of each that were observed among the progeny of selfed
L. japonicus x L. alpinus (23) are shown in Fig. 6. The
parent displayed a five-banded phenotype indicating the
unexpected presence of three alleles in at least two dupli-
cated cytosolic loci in a diploid hybrid.

The more anodal (chloroplast-sequestered) locus of
PGI has been called Pgif and the cytosolic locus Pgi2 in
previous studies (Dstergaard and Nielsen 1981; Gottlieb
1981). In compliance with this precedent, we name the
duplicated cytosolic loci Pgi2 and Pgi3. The three alleles
of Pgi2 and Pgi3 are identified by the relative mobilities
of their homodimeric bands. The most anodal (chloro-
plast or Pgif) band has been arbitrarily assigned the
relative mobility of 100 and the three alleles of the cyto-
solic loci become 72, 62, and 52. The presence of three
alleles makes it possible to test for the segregation of the
hypothesized two cytosolic loci separately (Fig. 7). The
genetic model proposes segregating duplicated hetero-
zygous loci (F/S, F/M). The choice of which locus is Pgi2
and which is Pgi3 is arbitrary. Figure 7 is a contingency
table that allows the calculation of three Chi-square
values:

A= 2o — e1)2/‘3i]
x5 =X [(o; — ¢))°/e;]
X5= Z[(Oij - eij)z/eij]

x% with 2 df tests whether the first locus is segregating
according to the expected 1:2:1 Mendelian ratio, %3 also
with 2 df tests whether the second locus is segregating
according to a 1:2:1 ratio, and 32 with 4 df tests whether
the two loci are segregating independently in a 1:2:1:2:
4:2:1:2:1 ratio. The results of these tests are in accor-
dance with a model of two linked duplicated loci.
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The progeny phenotypes of selfed L. japonicus x L.
alpinus (28) and the observed number of progeny pheno-
types are shown in Fig. 8 a. The parent displayed a three-
banded phenotype with a distorted band density ratio.
This ratio was more in the range of 9:6:1 than 1: 2:1. The
latter would be expected for a heterozygote with only one
cytosolic PGI locus. There are three progeny pheno-
types: a single banded phenotype, a parental phenotype,
and a three-banded phenotype with a 1:2:1 band density
ratio. These results are consistent with a parental geno-
type with a duplicated locus, of which only one locus was
heterozygous (F/M, F/F).

IDH. The interspecific hybrid L. japonicus x L. alpinus
(23) was heterozygous for anodal loci of IDH. The prog-
eny phenotypes from this selfing are presented in Fig. 8 b,
along with the observed occurrence of each progeny phe-
notype. The zymograms display two zones of enzyme
activity, and upper, clearly stained zone (relative mobili-
ty, 100-85) and a lower, more cathodal zone (relative
mobility, 60—62) which is poorly stained at this buffer
pH. Allelic segregation was confined to the upper zone.

The progeny phenotypes observed from the selfing of
the hybrid were complex. The parental phenotype was
three-banded and unbalanced with denser cathodal
bands. This fact again suggests the presence of two
distinct alleles (100 and 85) in duplicated loci. This pat-
tern for IDH segregation is complex and suggests that
reported by Kiang and Gorman (1985) for soybean (Gly-
cine max (L.) Merr.).

MDH: Parental and progeny phentoypes for the seifed
interspecific hybrid L. japonicus x L. alpinus (28) for

MDH were complex as would be expected for an enzyme
with several isozymic forms (Weeden 1983). There was a
single zone of segregation between relative mobilities 82
and 66 (Fig. 8c). This zone is characterized by a change-
able three-banded phenotype, thus implying the presence
of a dimeric molecule. The parental phenotype is un-
balanced with the most cathodal band being more dense,
and again suggesting interaction with a second locus.
Given the complexity of the phenotype and the lack of
knowledge concerning interaction among loci, it is not
possible to hypothesize an exact genotype for the pa-
rent. The presence of three progeny phenotypes in a fre-
quency ratio of 1:2:1, with the parental phenotype being
most common among the progeny, would suggest the
segregation of a single locus in the presence of a second
homozygous locus.

6-PGDH. The interspecific hybrid L. japonicus x L. alpinus
(28) was also heterozygous for the upper zone of
6-PGDH. The progeny phenotypes from the selfing of
this hybrid are presented in Fig. 8d, along with the ob-
served frequency of occurrence of each progeny pheno-
type. The observations are in accordance with a model
that assumes two loci, one heterozygous for the alleles
6-Pgdh1-120 and 6-Pgdh!-100, and the other homozy-
gous for the cathodal allele (S/5).

Independence of PGI, MDH, and 6-PGDH loci

The interspecific hybrid L. japonicus x L. alpinus (28) was
heterozygous for loci of PGI, MDH, and 6-PGDH. If the
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Fig. 9. Models for independent segregation of loci
for PGI and 6-PGDH for progeny from selfing the
interspecific hybrid L. japonicus x L. alpinus (28).
The expected genotypes and frequencies are those
that would be produced if two independent loci
were controlling the phenotypes for the two en-
zymes. Chi-square analysis indicates no significant
differences in observations from that expected un-
der such a model. (PGI alleles: F=fast or most
anodal, PGI-72; M =middle, PGI-62; 6-PGDH al-
leles: F=fast, 6-PGDH-118; S=slow or most ca-
thodal, 6-PGDH-100). Chi-square 1 =Pgi2 1:2:1,
2 D.F.,0.318 N.S.; Chi-square 2=6-PGDH 1:2:1,
2 D.F, 0953 N.S.; Chi-square 3=Pgi2 and
6-PGDHT1 segregate independently, 4 D.F., 2.453
N.S.

Fig. 10. Models for independent segregation of
loci for MDH and 6-PGDH for progeny from self-
ing the interspecific hybrid L. japonicus x L. alpinus
(28). The expected genotypes and frequencies are
those that would be produced if two independent
loci were controlling the phenotypes for the two
enzmyes. Chi-square analysis indicates no signi-
ficant differences in observations from that ex-
pected under such a model. (MDH alleles: F=fast,
MDH-82; S=slow, MDH-66; 6-PGDH alleles:
F=fast, 6-PGDH-118; S=slow, 6-PGDH-100).
Chi-square 1=MDH3 1:2:1, 2 D.F., 1.151 N.S;
Chi-square 2=6-PGDH 1:2:1,2 D.F., 1.565 N.S.;
Chi-square 3=MDH3 and 6-PGDH1 segregate in-
dependently, 4 D.F., 4.490 N.S.
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plausible models for duplicated loci are assumed for each
of these enzymes, then it is possible to test for the inde-
pendence of segregation of these loci by comparing phe-
notypes for each enzyme among progeny. Independence
of segregation among these loci was tested using Chi-
square analysis (Figs, 9-11). All Chi-square values were
nonsignificant. The analysis suggests a model of three
unlinked loci for these enzymes. It was not possible to
determine linkage relationships between the hetero-
zygous and homozygous loci for each enzyme.

Discussion
Characterization of loci

The enzymes PGM and TPI possess distinct cytosolic
and organelle sequestered zones of activity. The cytosolic
enzymes are represented by upper, more anodal bands of
PGM and TPI. These results agree with those reported
by Weeden and Gottlieb (1980) for pea (Pisum sativum L.
cv. Alaska).

The complex phenotypes of IDH and MDH were not
resolved into their organelle and cytosolic components.
However, a single zone of allozymic activity was identi-
fied for each. Two isozymes of IDH were identified, cor-
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51 Fig. 11. Models for independent segregation of diso-
mic loci for PGI and MDH in the selfed interspecific

525 hybrid L. japonicus x L. alpinus (28.) The expected

genotypes and frequencies are those that would be
produced if two independent disomic loci were con-
trolling the phenotypes for the two enzymes. Chi-
square analysis indicated no significant differences in
observations from that expected under such a model.
(PGI alleles: F=fast or most anodal, PGI-72;
M =middle, PGI-62; MDH alleles: F=fast, MDH-
27 82; S=slow, MDH-66). Chi-square 1 =Pgi2 1:2:1,
2 D.F.,, 0.529 N.S.; Chi-square 2=MDH3 1:2:1,
2 D.F., 0.080 N.S.; Chi-square 3= Pgi 2 and MDH3
segregate independently, 4 D.F., 2.967 N.S.
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responding with results presented for soybean by Kiang
and Gorman (1985). They demonstrated that the more
anodal zone of the phenotype was cytosolic and con-
trolled by two loci that they named /dhf and Idh2, and
that the lower zone represented an enzyme form seques-
tered within mitochondria.

Two isozymes of 6-PGDH were identified with segre-
gation confined to the anodal region for the individuals
studied here.

Allozymic recombination and/or segregation was dis-
played for the cytosolic loci of TPI, for two loci of PGM,
for the cytosolic loci of PG, for the presumably cytosolic
loci of IDH, for the most anodal region of 6-PGDH, and
for the middle zone of MDH. The newly identified loci
and alleles for Lotus are designated as follows: Tpif-100
and -110, Pgi2,3-82, -72, -62, and -52; Idh1,2,3,4-100 and
-835; Mdh3-82 and -66; and 6Pgdh1-120 and -100.

Duplicated loci

The presence of duplicated isoenzyme loci for PGI,
6-PGDH, and IDH at the diploid level in the two geno-
types of the interspecific hybrid L. japonicus x L. alpinus
was an unexpected finding that leads to interesting
hypotheses concerning the origin of the duplication.
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Gottlieb (1982) reviewed the subject of duplication of
isoenzyme loci and pointed out that duplication may
arise from translocations between chromosomes in dip-
loid genomes or from ancient polyploid events.

It can be asked whether such mechanisms were
responsible for the duplications found during this study,
that is, do the duplications represent ancient polyploidy
in Lotus, or might they have arisen from an inherited
duplication from one of the diploid parents? The answer
to both of these questions would appear to be negative.
Firstly, basic chromosome numbers within the tribe Lo-
teae are 5, 6, 7, and 8 (Darlington and Wylie 1955; Grant
1986). Within the entire Papilionaceae subfamily, the
lowest reported chromosome number is 5, which has
been found in certain species of Vicia and Hedysarum
(Darlington and Wylie 1955). Secondly, no evidence
exists for duplication of the Pgi2 locus in any of the
diploid species of Lotus (data not presented here), includ-
ing L. japonicus and L. alpinus. All heterozygotes ob-
served among the diploid species displayed the 1:2:1
band density ratio expected for a single, unduplicated
locus coding for a dimeric enzyme.

If the interspecific hybrids could not have inherited
the duplications from parental species, then the duplica-
tions must have arisen as a result of the hybrid condition.
An example of a possible mechanism to explain duplica-
tion of loci in an interspecific hybrid would be unequal
crossing-over between structurally rearranged homoelo-
gous chromosomes. These hypothesized structural differ-
ences are not enough to prevent synapsis of homoeolo-
gues in the hybrid (as the fertility of the hybrid attests).
A pericentric inversion, for example, could rearrange the
Pgi2 locus along with adjacent chromosomal material.
Unequal crossing-over within the inversion would pro-
duce duplicated as well as inviable deficient chromo-
somes. Recombination would result in viable progeny
with two chromosomes with duplications.

It might be objected that this model would explain the
presence of only two alleles for the duplicated loci but
could explain the presence of three distinct alleles for
Pgi2 within the hybrid. In reply to this objection, we
point out that the material that we examined was descen-
dant from parents representing several distinct crossing
events (Somaroo 1970).
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