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AN ISOENZYME STUDY IN THE GENUS LOTUS (FABACEAE)

An isoenzyme survey of several taxa within the geﬁus Lotus

was undertaken to pfovide markers for genetic research and to’

test hypotheéés concerning tﬁe phylogenetic origin of Lotus
corniculatus L. - A preliminary study identified seven enzyme
systems RSI, TPI, PGM, MDH, IDH: 6-PGDH and ME, that produced
consiste?t clear phenotypes in L. uliginosus Schkuhr. Variation
in phenotype with tissue type and stage of development suggested
the presence o{ several isozyme zones in the phenotypes. Enzyme
phenotyge was ‘constant for shoot tissue of plants older than six
weeks. A second study examined recombinatién and segregation of
isoenzyme pﬁenotypes in interspecific hybrids, éllo- and
autopolyploids, and in L. corniculatus. Duplication and
quadruplication of PEi2 loci in hybrids, amphidiploids, and in
L.. corniculatus was used as evidence that the latter is a
segmental‘allototraploid. A third study surveyed the occurrence
of various isoenz&me alleles in L: alpinus Schleich., L.

japonicus (Redel) Larsen, -b. tgguis Waldst. & Kit., L.

g‘iginosus and L. corniculatus. Lotus uliginosus had unique ,
'd ‘ ) .
distinct alleles for several enzymes that did not occur in the . «

4

/
othor species. This evidence drgues against the involvement of
: [

L. uliginosus in the origin of L. corniculatus.
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UNE ETUDE D' ISOENZYMES DANS LE GENRE LOTUS-(FABACEAE) . :

Un examen d'isoenzymes de plusieurs taxa du genre, Lotus a Eté entrepris

afin de fournir gdes marqueurs génétiques et de vérifier certaines hypothdses
L I B o I N
concerngnt l'origine phylogénétique de Lotus cormiculatus L. - Une &tude

préliminaire a permis d'identifier sept systémes d'enzymes: PGI, TPI, PGM,
MDH, IDH, 6-PGDH et ME, lesquels ont produit des phénotypes clairs avec ‘
régul‘arité chez L. uliginosus Schkuhr. Des vaxl'iations phénotypiques sont
apparues selon le stade de développement et le type de tissu utilisés
suggérant la présepce de plu:ieurs zones d'isozymes dans les phénotypes. Le
phénotype e\nzymatia};e fut régulier dans les tissus des pousses de plantes
;agées de plus de six semaines. Une deuxime &tude a permis d'examiner 1la
ségrégation et la recombinaison des phénotypes d'isoenzymes dans des

1)

hybrides interspécifiques, dans des allo- et autotétraploides ainsi que chez

_I_.._.' ﬁomiculat\is. La duplication et la quadruplication des loci Pgi2 chez
les hybrides, les amphidiplofdes et L. corniculatus ont mis en évidence la
nature allotétrapfoide segmentaire de ce dernier. Une troisiéme &tude a

permis 1'examen de plusieurs all@les d'isoenzymes chez L. alpinus Schleich., -

L. jagbr:icus (Regel) Larsen, L. tenuls Waldst. & Kit., L. uliginosus and

L. corniculatus, <Lotus uliginosus a présenté des alldles distincts pour -

plusieurs enzymes, lesquels &étalent absents chez lg.s autres espéces. Cette
dernidre constatatiqn rend peu probable la partieipation de L. uliginosus

quant & 1'origine de L. corniculatus. *
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' Ilolnzyno Qlcctrophorosts is a uoll established ‘technique which has
“been used as an aid in the biosyéFclltic analyses of a nulbcr<of taxa,
Houcvor. to the best of the authof’l knoulqdqo, it has not’ privlously baen

-applied on & systesatic basis in thl genus Lotus.” The only provausly

reported use of isaenzyaes in the genus Lotus that the author could find was
that of a study by De Lautour et al; F?978). Thcs§ ressarchers obtained
phcnotyp;s of phenoloxidase, phosphatase, e:t,raso, and psroxidase for
tetraploid Lotus tenuis and L. cornicul;gus, {nd for hybrids between these
taxa. They used the isozyme Ehcnotypil to‘aucnrtain that hybrid plants were
obtained and no attempt was made to analyze soqreqation'bf phenotypes or to

establish the genstic basis of these patterns. !

Original findings made in the course of this rusoargﬁ\include the following:

q N

1. Deteraination of correct buffery for obtaining consistent iscenzyne
phenotypes for PBI, PGM, IDH, MDH, ME, 6-P6DH, and TPI within the Lotus

corniculatus group. ) o
>
2. Analysis of the genetic basis for phenotype for P81, IDH, MDH, and

6-PBDH.

3, Deteraination of cytasolic lmi- organcllo sequestered isozyn foras of
f N -

PBMy and TPI within the genus Lotus.

4. Discovery of duplication of the Pgi2 locus within the interspecific

o
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o hybrid L. lginul XL, jlgonlcus that did nut occur nith!n thu'uthqr
¢
dlpluid tlxa, and of discnvnry of the quadruplication of thi: locus nitﬁin

& L. corpicul atus. . . . .
. e : . ”

[

'S, Presantation of additional isoeniyse evidence that L. corniculatus is a
/

‘lognontal allotetraploid.

~

6, Presentation of isoenzyaw evidence that appears to discount L. uliginosus

¢

as a possible diploid ancestor of L. corniculatus.

7. Demonstration that PBM and P8l phanotypes can bp used to confira the ° )

hybrid nature of the putative hybrids within Lotus,

8. Demonstration that PGl phonotypis can be used to distinguish between

’ Q\ differant accessions or cultivars of'L. corniculatus bl!/l’d upon frequencies .
/ »
of Pgi2 alleles. o *ﬂ[ ,
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“Enzymes used in this study

~ ‘ \ }‘
Enzyme g
ACO, Aconitase (EC 4.2.1,3) - ] .\
‘ALD;, Aldolase (EC 4.1.2.13)
AAT (BOT), Aspartate aminotransferase (EC 2.6.1.1) A )
/23¥EST, ~Esterase (EC 3.1.1.1) " B

DIA, Diaphorase (EC 1.6.4.3)

FDP, F;u;tose 1,4-diphosphatase (EC 3.1.3.11) .

GsPDH, Glyceraldehyde-3—phosphate dehydrogenase (EC 1.2.1.12) W

GzDH,/Blycérﬁte—ﬁ—dehydrogenase TEC 1.1.1.29)

GDH, let;mata dehydrogenase (EC 1.4.1.2)

IDH, Isocitrate dehydrpgenase (EC 1.1.1.42) ' :
" LDH, Lactate dehydrogenase (EC 1.1.1.27) o ¢

LAP, Ledcine aminopeptidase (EC 3.4.11.1)

MDH, Malate dehydﬁ?genase (EC 1.1.1.37)

ME, Malic enzyme "(EC 1.1.1.40) Lo

~ \ )

MR, Menadidne reductase’ (EC 1.6.99. é)

»
NADH N1cot1nam1de a&en1ne d1nu:1ect1de

dehydrogenase (EC 1 65.99.3)
N

PGM, Phosphoglucomutaqgtase (EC 2.7.5.1)

' 6-PBDH, 6-Phosphoglu:nnate dehydrogenase (EC 1.1.1.44) e o

PB{, Phosphoglucoﬁe isomerase (EC 5.3.1.9) \ 5
S - ’ ) ‘ \ "
SKDH, Shikimic dehydrogenase (EC 1.1.1.25) . o 5

! TP1, Triosephosphate isomerase (EC 5.3.,1.1)

4 \
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GENERAL INTRODUCTIOR

Birdsfoot Trefoil (Lotus corniculatus L.) is a tetraploid (2n = 24)
= .
forage legume which has distinct advantages for forage production on wet,

acid, or shallow soils., O0On such sites, it outproduces alfalfa (Medicago
sativa L.) and is longer lived than alternative laguae crops such as red and
white clover. The agronomic advantages of birdsfoot trefoil have been well .

reviewed (Seaney and Henson 19703 Brant and Marten 19835).

Despite th‘l! advantages, birdsfoot trefoil has two serious
disadvantages that l/nit its use. The first of these is poor seedling
vigor, saking stand establisheent difficult, the second is poor seed yield
resulting froa indeterminate growth and seed pod dehiscence. Soase progress
has been achieved in breeding for increased vigor through recurrent
selection (Twasley 1971, 1974; Draper and Wilsie 1965), and a genetic
conponent for determinate growth has been identified (Buzzell and Wilsie
1964, However, no coaplete resistance to pod dehiscence has been found
within the species. Because of this fact, such emphasis has been placed
upon interspecific hybridization for the improvement of seed shattering in
birdsfoot trefoil (Bershon 1941; Phillips and Keim 194685 Somaroo and Grant

19723 0’Donoughue 1984),

Benatic improvement of birdsfoot trefoil has been hinded¥d by a lack of
qualitative genetic aarkers, The few genetically controlled characters that
have been studied include cyanagenesis (Dawson 1941), large vnrf%% seall

leat size (Donovan 1959; Donovan and McLennan 1964), leaf color (Poostchi

and MacDonald 1941), keel tip color (Buzzmll and Wilsie 1963 Bubar and Miri

Q



“l»

196%5) and sel$ incompatibility (Buzzell and Wilsie 1943). These characters
have all been found to segregate in a tetrasonis manner. This paucity ;f
characters hinders research in two distinct ways. Firstly, with few
qualitative characters, selection can be eade only on the desired
quantitative characters such as vigor or seed yield. Thus, selection can
only be made after a growing season in the field, and the shortcut of
selecting for some correlated qualitative character can not be carried out.
Secondly, the lack of genetic markers has hindered the detereination of the
phylogenetic origin of the tetraploid cultivated species. The determination

of the origin of Lotus corniculatus would be useful in improving birdsfoot

—

trefo1l through interspecitic hybridization.

The task of introéucing the desired genetic material into the

cultivated specxesvyecomes complex, because birdsfoot trefoil is a

tetraploid and all known Lotus species With nan-dehiscent pode are diploids.
wThe strategy for such a transferal of genetic material would be to cross the

wild non-dehiscent species with one of the diploids in the Lotus

corniculatus group, and then double the chromosome number of this hybfid

with colchicine and cross the resulting amphidiploid with birdsfoot trefoil h‘\\

(0’ Donaughue 198643 Somaroc and Grang 1972}, If one of the diploid parents

of the hybrid was ancest;al to L. sorniculatus this task would be easier

&

becousp aeiotic regqularity and fertility of the final product would be more
N

likely (S5omaroo and Brant 1972). Furthermore, much of the selection for
desired characters and meiotic reqularity could be achieved at the simpler

diploid ‘evel through backcrossing before the desired germplasa was

introducey at the tetraploid level.

;
+ B - > idagd
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Various authors have propoléﬁ %}fferont species as the progenitors of
the tQtrlplnig cultivated plant. It has baen proposad that ggig!
cornjculatus is an autotetraploid of L. tenuis (Dawson 1941) and

~ﬂlH’.orn.ﬂzivnly, that it is an allotetraploid of two spnci;s {Btebbins 19503
Harney and Brant 194%5; Somaroo and Brant 1972; Ross and Jones 1983). The
various arguments have been based upon the few genetic markers available or
upon loiotié analyses of hybrids. Various diploid ancestors have been

Y

proposed including L. alpinus, L. japonicus, L. tenuis, and L. ﬁliginosus.

Howevar, there is no consensus on the subject because there is liaited

evidence upon which to base the various proposals.

In view of the above considerations, it was decided to undertake an
isoenzyme survey within the genus Lotus. A knowledge of various isoenzyme

loci and alleles would increase the data available for genetic study of the

“(‘\ genus. Firstly, on a practical level, a knowledge of isoenzyme markers:
J

would provide perhaps a twofold increase in available characters that could

be useful for such tasks as selection in the greenhouse and positive
(v

identification of putative interspecific hybrids. Secondly, a study of the

segregation of isoenzyme markers could clarify the controversy surrounding «

Pl
.

the autotetraploid nature of Lotus corniculatus which was based upon

observed tetrasomic inheritance. Thirdly, a comparison of isoenzyme
phenotypes for(Ebtnl corniculatus, and the various putative diploid
. "

{ .ancestors, might be able to eliminate some of the proposed ancestors, {f

<

their phenotypes were not cospatible with the role of possible ancestors.

# \
Isoenzyne data are powerful as genetic tools. Information is obtained

’

by oblorv}ng the olictronngdlity of specific proteins on a gel. Because of

the colinearity of information between DNA and protein, electromobility
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o which is a function of primary protein structure is a r;flnction Y

p_u:hotido sequence within the gene. A change in mobility reflects autation

within the gene. In additiun: iscenzyme alleles are codosinant, that is,

heterozygotes can be distinguished from homozygotes so that iscenzyme data
are more precise than information obtained from phenotypes controlled by “
dominant afleles. Because of these facts, genotypes can be directly deduced

fron isoenzyae ﬁhenotypes (6ottlieb 1977).

The purpose of this isoenzyme study was specifically to answer four

8

gquestions. These are:

I 1. What are the ‘lahoratory protocols that will produce distinct .
reproducible iscenzyme phenotypes in L_o_gﬁlfor 28 mpany enzymes as
possible §iven constraints of fime and expense? ,
@ 2. Can it be demonstrated that thesa iscenzyme phenotypes segregate
X éccordinq to Mendelian expectation and, thus, that they“agcurately "’
- reflect genotyp@. ‘ zf
K
' . 3. Is seqregation of established isoenzyme narkers\‘ tetra‘sonlic or disomic in ‘
l:o'tus corniculatus? ‘
- 4
\ 4, ~1s the isoenzyme phenotype of any of the Tputative diploid ancestral ;v;
| species L. alpinus, L. japonicus, L. tenuis, and L. uliginosus {
) incompatible with the possibiljty that it contributed genetic materials *j
to the tetraploid Lotus corniculatus? q%
The results of t’he study follow ;nd are presented in the form of three ’*
nnuicripts. .Th; first'of these presents the findings of. a study'of T
0 'laboratory‘ techniques that produce the clg;rost isoenzyme phenotypes. This 'Tz
R ST o 5
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) initial study alsoc sxamined the consistency of these phsnotypes during

various life cycle stages of the diploid L, uliginosus, in order fo verify
that differences in phenotype roprnsuntod true genetic di{fnruncus rather
than ontogenetic differences, The second sanuscript presths findings from .
a study of genutié segregation of isoenzyae larknrsiin diploid interspecific
hybrids in order to address question number 2, and in artificial
autotetraploids, artificial llldtltflpl&idl, and in L. corniculatus, in
order to answer question nuaber 3. The third manuscript presents the
results of a survey of 1|oonz}|| phenotypes in syvural accessions of the

a

various diploids, and in L. corniculatus, in order to addréss question

nuabar 4,

The use of horizontal starch gel electrophoresis may be quéstioned, and

I'conclude this introduction by a justification of its use, It can be

)\
argued that polyacrylamide electrophoresis provides finer resolution of

cnzyno’d!ffironccs than the older starch gel mefhods. 1 would answer this

criticisa by saking three points. First, a large body of data already exist

I'd

for starch qel olectropﬁoresis iq)the literature in the field of plant
taxonoay and genetics. The use of starch gel alectrophoresis in this study
provides results that are conparabln with exist;ng data. Becondly, though
adaittedly less precise, starch qol |}cctrophoresi| provides rasults with

alplo‘rnsolution to address theoretical questions, and is such easier and
less expensive to use, Thirdly, the acrylamide aoncmer is a neurotoxin,

whaereas starch gels are rnlitivnly non-toxic. The enzyae staining chemicals
' .

are toric but usa of starch dacreases the sxposure to toxins while still

providing adequate and reliable inforsation,
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Abmtract

/o
An isoenzyae survey of some taxa in the genus Lotus (Fabaceae) was

undertaken in order to increase the number of genetic sarkers available to
. T i ¢ C K
breeders and to students of Lotus ngfﬁg??hy. The results of a preliminary

study using the species L. Gfiginosu; écgkuhr are prasented. Twenty-one
snzymaes were examined using starch geal |lectrophori|is a&d nine buffer
systems, Clear, consistent banding patterns were obtained for PEGI, T;I ’
(LiOH~borate buffer pH B.1-8.4), MDH, and IDH (tris-citrate buffer, pH 7.1)

and PBM, &6-PBDH, and ME (histidine-citrate buffer pH 6.5}, - Clear: but

inconsistent banding patterns were obtained fo} FOP -(morpholine-citrate
hyffer, pH 6.1) BsPDH (histidine-citridte buffer, pH 5.7) and forJDIA, ﬁ&EBT,
LAP, MDR and NADHDH (histidine-citrate buffer pd 6.5). Phenotypes of the
5@\ seven consistent enzyas systess werg-obtained for different tissues for each
i of several genotypes at different stages of dovelognent. Variation in ’
phanotypes of the same individuals under different condi tions 1ng§cated the
pr;snnce of different isozymic formas of the enzyme, Bhoét tissue of plants

over six weeks of age was found to be suitable material for further studies,

since phenotype for this tissue was constant despite day-length changes.

I
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!ntroauctibn

nggi,corniculfiul L.;¢Bird|fnot Trefoil, is a forage legques with amany
advantages for use in the :nol{ wet climate of north-eastern North Aderica,
however, it has certain disad;lntaqgs that l}lit its use. Perhaps the most
serious of thl!lill seed-pod dehiscence-which makes seed harvest difficult,
and thus, makes seed expensive (Seaney and Henson 1970; Brant and Marten
1985)., Attespts have been made to avercome this limitation by means of
selection within the species (Peacock and Wilsie 1937, 1940), hon;ver, the
aost promising route to improvement appears to be interspecific

hybridization using certain species within the genus with non-shattering

sead pods (Phillips and Keim 19683 D'Donoughue and Brant 1987).

The fact that L. corniculatus is a tetraploid (2n = 24), uheg\ps
species that lack pod dehiscence are all diploids, coaplicates the task of

interspacific hybridization, It has been suggested that the identification

- of a diploid species ancestral to L. cornitulatus would provide a bridge for

transporting the foreign d!plofd geraplase into the cultivated tetraploid
(Somaroo and Brant 1972), The non-shattering diplnidJSpcciI!-uould be'
crossed with the diploid ancestral species and subsequ;nt to (folloninq?)
chrososoae doubling, the interspecific hybrid uoulq then be crossed uith‘g,
corniculatus, Use of the ancestral species wauld ;esult in less aeiotic

irregularity in progeny of the tetraploid cross.

S8averal species have been proposed as putative progenitors of L.

corniculatus, These include L. tenuis ﬁild;t. & Kit, (Dawson 1941; Ross and

Jones 1983), L. alpinus Schleich., and L. japonicus (Reqnl).Larsen (Bomaroo

)

and Brant 1972) and L. uliginosus Schkuhr (Ross and Jones 1985), It is

~
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difficult to test the corricgnnss of the various hypotheses concerning the

grigin of L. corniculatus because of the paucity of genetic data.

3

Faw qualltltiv: genetic characters have been studied in the genus and
the cytology is difficult due to Sho small :hrono;on- size and similarity
among klryutygel for different species (Zandstra and Brant 1948; Brlntﬁ
1986)./ The few characters for which foraal genetic analyses have been
undertaken have been found to segregate in an imperfect tptrason;E panner in
L. corniculatus. Qualitative characters that have been noted include
cyanogenasis, large vs. small leaf size, leaf color, keel tip calor, flower
striation, pubescence, self incospatibility, phenolics, presence of tannins,
and Rhizobium specificity (Dawson 1941} Donovan and McLennan 19643 Poosttpi
and MacDonald {961} Buzzell and Wilsie 19633 Bubar and ;;ri 1963) Harney and

B8rant 1965y Ross and Jones 1983%),

The purpose of the present ltuay is to discover polyaorphic iscenzyae
loci that can be dseful in characterization of Lotus genotypes, and thus, to
increase the nuaber of qnno&&c narkars available within the genus.
Isoenzymes have provided a large nuaber of genetic markers for other taxa
n(Tanﬁslny and Orton 1983), but their study in Lotus has been liaited. One
of the few reported uses of isoenzymes in Lotus was reported by De Lautndr
at al, (1978). They exasined L. tenuis and L. corniculatus for
phencloxidase, phosphatase, esterase and peroxidase enzymes. No atteapt was
made to determine phenotype s;ornqation and the genetic blli; for the

! ¢
isoenzyme patterns, nor did they atteapt s systesatic study of tﬁ{ taxa froms

5_//“\\

Iv is anticipated that such a lbno delayed study of lséinzyios of Laotus

the /soenzyae data.

will produce nev ganetic markers that will prove useful, both prn:ticalli
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for breeding and selection, and for testing the various hypotheses

~

con:;rning the origin og L. corniculatus. 7 ;

In this paper are ﬁrosu;tud the findin;s of a prelisinary study- ¢ &
designed to déf!nn tho,proto;ols for obtaining isoenzyme phenotypes using L. A
uliginosus. Tuonty-ono~onzynng,unr| exanined using horiz;ﬁtal starch gel
electrophoresis with nine different bdf#ir‘jystlnl. In addition, the Qﬁzynn
phenotypes were exaained during d{ffnrcnt life-cycle stages ande{or

different tissues in order to verify that differences i\ phanotype rcfl;ctnd

genetic rather than ontagenic differences.

Materials and sethods

L b}

v Plant material

All of the prelisinary iscenzyse experiments reported here were

¢

«(-’ perforaed on u(mnl genotypes of Lotus uliginosus (Acc., No. 193) ‘which were ~

obtained from the Lotus world seed collection mdintained by W, F., Brant at
4

Macdonald Cdllege of McBill University, Accession number 193 originated in

¢ *  Morucco ahd was obtained from the SBervice de 1a Recherche Agronosique et de

1’Experimentation Agricole in Rabat. o

\Plnnts th|£’u|r| used in the initial experisent to dotor‘inc optimal
electrophoretic buffers for various nnfincs were qrown' fn the greenhouse

dndpr short-day, non-flowering, cnﬁditians with natural daylight. Plants

2,

used for the lifi-cy:lo experiments were grown under controlled conditigns

' in a growth cabinet as followss

14

Short-day regises Twelve hours under co6l white fluorescent light at

3

. , . ° [
@) . « . an intensity of 83.5 uEinsteins sec”® a~2 with a light tesperature of 23°C
‘ . - \.
j | ’ .
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‘a-dark temperature of 20°C. Electrophoresis was perforsed on antire

seedlings (with two leaves), and on both shoots and ;onil, luﬁarlt!ly, for

[ e ’
'

six-week ald plants, ‘ ‘ | o

Long-day (flowering) regile: Eighteen ﬁBurs under ¢ool white
- fluorescent light with approximately (0% ianndescant light at a total light
- intensity of 275 uEinsteins sec™? a~2 with a light temperature of 24°C and a

'dark temperature of 20°C._ Electfbbhoresis vas performed on'both'shoats aﬁd

roots of plants that were 12-weeks old. L

Electrophoresis J .

. . |

Enzyses were extracted fros young shoot tips and leaves and froas rou;g e
° ' L

by gqrinding approximately 100 mg (fresh weight) of tissue in 350 uL of an

extraction buffer consisting of 0.1 M tris-HCl, adjusted to pH 7.5, 1.0 aM o
EDTA (disodium salt), 10 a¥ MgCl2.H=0 and 10 eM KC1 to which 100 mg of .
\0 , polyvinyl pyrolidone per sl of buffer were added (GBottlieb 1981). Ten ulL of

2-nercaptoethanol were also added just prior to grinding. Tissue samples

were kept cold during this procedure by placinﬁ on ice. This crude
- 4
homogenate was applied directly to gels by means of small wicks made, of
L .

Whataan No. 4 filter paper. ,

All electrophoresis was performed using horizontal starch gels. Gels

were prepared by suspending 40 g of hydrolyzed starch (Connaught

Laberatories{ Willondale, Ontario) in 125 aL of cold buffer, 175 aL of
boiling huffer/das then added to the slurr§ and the mixture was heated
apprnx!nately 1 min until a decregse in viscﬁiity indicated that the starch
hadﬁdissolved (total w/v starch/buffer ratio was 13.3%), The starch

solution was degassed by applying a vacﬁgl faor approximately 2 min, and then -

o poured into plexiglass frames. Gels were then cooled to 4°C prior to

[y
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baading. Eluctro%p buffer was placed into reservoirs each coqta!ninq a

platinua wire. These sere attached to a constant power supply. The gel ~
frames were placed above th; reservoirs and electraode buffcr was trunspo;tod
to the gels bxulcans of Handy Wipe wicks. The -lcctrnphdrctic apparatus is

described by O’Malley et al. 1980). ' )

i ¢
In the {nitial experiment, sach of 21 enzymes were assayed on ninq/
different buffer systess. The buffer systems ranged from pH 5.0 to pH 8.8,
and are described in Table 1. The 21 enzymes are described in Table 2, The
staining recipe for each is given. These recipes have been detailed in
various publications. Those listed in Table 2 were published by 0’Malley et
al. (1980), Vallejos (1983) and Cheliak and Pietel (1984). All staining

—

chemicals were purchased from Sigma Chemical Company, 5t. Louis, Missouri.

All enzyme stains using the tetrazolium staining (MTT) system (with the

axception of Diaphorase) smployed the agarose overlay sethod. 100 mg of

dgarose were added to 10 al of the appropriate staining buffer. The
suspension was brought to boil to dissalve the agarose and then stored in an
aJon at 80°C until needed. The staining substrates for the enzyme were
dissolved in another 15 aL aliquot bf buffer which was then added to the
agarose solution. The resulting 25 al solution was poured over the
appropriate starch gel where it quickly cooled to form a superficial agarose
gel over the starch. The gels were incubated at 37°C until‘the enzyae

banding patterns eserged. These could easily be read through the agarose.
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o : Results

Enzyme and buffefnexperiment

The regults of the prelisinary study to detersine the appropriate

‘bu{fo(’lystlnc for the various enzyses are presented in Table 3. Seven

r anzymes were found to produce clear consistent isoenzf;e bands for the plant
saterial under study. Thess are IDH and MDH (tris-citrate buffer, F, pH
7.1), Ne, 6-PBDH, and P6M (histidine-citrate buffer, D, pHgb.S) and P61 and
TPI (LiOH-borate buffer, I, pH 8.1-B.4). All further reseirch in this study
was confined to these saven enzyae lyitenll' However, it should not be
interpreted that the other enzyees necessarily could not be made to work
better by adjusting experimental conditions. The data in Table 3 aerely
reflect our findings after a certain amount of effort and considerable
replication of*experilenttiJ Perhaps, some of the other enzyses would work

-

better on acrylamide systems.

Other eniyles besides the sevén mentioned above did produce well banded ‘
phenotypes, but these were not consistent. These enzymes are AAT”B-Est,
FOP, BaPDH, LAP, and DIA, MR, and NADHDH. These enzymes can be considered
as useful but difficult to work with. Perhaps with greater adjustrent of
techniques, they coulg_also ba usad, qucver, due to limitations of time,
it was decided to concentrate upon the enzyses which were consistently

reproducible.

L
DIA, MR, and NADHDH, thaugh theoretically distinct enzymses, produced

identtcal banding phenotypes with our material, that is, the staining

recipes that were used did not allow us to distinguish betwaen the enzymes.

[ 3
MR was the easiest to use of the three, and since they all produced the same

-~
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phenotype, this enzyae is recossended for use in electrophorstic studies of

Lotus.

- H

_Life cycle ‘and tissue type experiment . -

Photographs of representative zyaograms for the .seven enzymes found to

be uodliltontl; reproducible, namely, PBI, TPI, PBM, MDH, IDH, 6-PBDH, and

ME are shown in Figs. | and 2. These zymograas represent phenatypes for
three individuals of L. uliginosus (Ace. No. 193) grown under long-day
flowering conditions. Phenotypes for both root and shoot tissue of each
pllné are shown. Bummaries of the electrophoretic phenotypes found for each
inzynevat each of the stages of growth are givoﬁ in Figs. 3 and 4. The

fsoenzyme bands for each enzyae are located an the diagrams by their

relative mobility. In each phenotype, the uppermost (eost anodal) band is
called Ra 100. All other bands a;e expressed by their distance from the

* (‘) origin of electrophoresis as a percentage of the distance of the most anodal
’ band. The relative mcbilities presented here are not necessarily the as

same those that are given in other papers (Raelson et al. 1987y Raelson and )

s e

Grant 1987) where phenotypes of L. uliginosus are being compared to those of

other species.

In these latter instances, the standard band (Ra = 100)‘§s not

necessarily the most anodal band, but rather some comeon band that is

arbitrarily chosen from among phenotypes of all species. It can be seen

¢ from Figs. 3 and 4 that phenotype changes with both stage of devel opasnt and
type of tissue. JThere are basically two types of change. One type is the
disappearance of bands from one particular Zone of the zymogras, suchas the
lower bands of MDH (far suedlgﬁgs and roats), ADH (for seedlings) and PGM 4
‘[:;) (for roots). The second type of change {s a displaceaent of position of i




. o 18
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certain entire groups”of bands uﬁilQ their bosigioﬁ with rlnp;ct to oich
other rola}ﬁl :onstanf. The uppermost:band for FBI phenotypas of roots is %
aore lNDd;l, as s ;hl thick ban& $or ME, while for NDH phenotypes, the
three upperaost bands are shifted towards the anode in root phenotypes.
Finally, the upperﬁbst TP1 phenotype band becomes ioss intense in roots:

Two other changes may be artifacts. In some zymogranms ¥or,shoots, the

lowermost zone of PEM i3 seen aswtuo bands, whereas in other electrophoretic

replicates of the same individuals this zone is seen as just one thicker

- !
band at the same locatiﬂn. Likenise, the upper thin band in shoot

phenotypes for ME does ;5t occur in all replicates.
«i" «

P

Discussion
Variation in isoenzyee phenotype can arise fro; several sources.
Different banding patterns can be aile&ic (allozyleq{/:asult\ng tronm
alternative DNA sequences at a given locus which segregate-genetically or
they may represent completely distinct loci (isozymes in the strict sensej

"~

Bottleib 1977). O0Often the enzyme products of distinct isozyme loci are

sequestered in separate subcellular compartments., These distincR loci are

all located on the nuclear DNA apd translation. of all isozyme mRNAs has been

shown to occur on cytasolic ribosomes (Newton 1983). But, post

translational events result in subcellular isolation of the various

isozyaes. Asong the eniyses examined here, PBH, PBI,ﬂand 6-P6DH haye besn

shown to poésess two isozynic foras, one of which is located in the

plastids, and one in the cthplaln. MDH has been found to possess at least ,

~

thres isozyme foras, one sach in the mitochofidria, in microbodies, and in

1
the -ytoplasa. Experiaments of dissociation and reassociation using

Al

different purified subcellular isolates of the dineric enzyme PGl, from

Ve




. et enta A8, T T

several divergent species showed that sonomer subunits of the ShIYRe Can e
cross associate between species, but not §|tnnnn'1ubcullular foras from the
' . TN

same species (Weeden and Gottlieb 1982). These distinct isozymic loci o’ ( f

\
not interact. . T e

Many studies have also shown that distinct isozymic loci are
differentially rnglateJ in different stages of development. Cdtalase and
alcoho] dehydrogenase a}e two enzyme systems that have been well studied
from the perspective of differential requlation, though evidence of such
regulation has been found for losi<5nzymes (Freeling 1983). Different loci
may be requlated bY induciblg modifier genes, Other variations in phenotype
banding patterns EZn arise from post-translational modificiation of
polypeptides by addition of NAD*-carboxyl groups (Freeling 1983), or by

conformational change of polypeﬁlxdes in different cellular en¢ironments

(Newton 1983).

—

Two distinct insights can be gained from the examination of iscenzyme
phenotypes in different tissues and at different stages in development.
Firstly, this experiment can determine which conditions will }roduce
1nv;}iable phenotypes for a given genotype, so that ontogenetic factors will
not be confused with genetic factors. Our results show that the most
complete and consistent pheénotypes for the enzymes used here are obtained
from examining shoot tissue in plants that are at least six-weeks old

A

regardless of day-length conditions.
A second insight that was obtained from this study is a preliminary
analysis of isozymic forms of the enzyme phenotypes. Differential activity

in different tissues and life stages indicate thgt pel, TPI, §6H, MDH and

IDH have at least two isozymically distiﬁct loci/uhich determined the

»
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" phenotypes that we observed. (This interpretation is also suggested by 4
- - ol
variation in one of the phenotypic zones for PBI and &-PEDH. In the case .of j;
P8I (& PBDH shows no developsent or tissue specific variation) this %@

variation is associated with distinct individuals and is independent of
~ )
tissue speCific variation. This suggests that it reflects true genetic f(or
' —

allozyme) variation. This hypothesis can be confirmed by the study of

allozyme segregation. The results of such a study are reported in Raelson

et al. (1987). ]

Acknowledgaents
Financial support from the Quebec *Fonds pour la formation de °
chercheurs et 1’aide la recherche" for a Postgraduate Fellowship to J. V.
Raelson, and an operating grant from the Natural Bciences and Engineering
Research Council of Canada to W. F. Grant for cytogenetic studies on the

genus Lotus are gratefully acknowledged.

“

AYALA, F. J,, HEDBECOCK, D. 6., ZUMWALT, 8., and VALENTINE, J. W. 1973.
Genetic variation in Tridacna maxima, an ecological analog of some
unsuccessful evolutionary lineages. Evolution, 27: 177-191,

BUBAR, J. S., and MIRI, R. K. 1965. Inheritance of self-incompatibility
and brown keel tip in Lotus corniculatus L. Nature, 205¢ 10§§-1036.

keel tip color in Lotus corniculatus L. Crop Sci. 3: 128-130.

|

|

|

|

|

|

|

1

|

BUZZELL, R. I., and WILSIE, C. P. 1943. GBenetic investigations of brown (

CARDY, B. J., STUBER, C. W., and GOODMAN, M. M. 1981, Techniques for
starch gel electrophoresis of enzymes from maize (Ilea mays L.).
Institute of Statistics Mimeographed Series No. 1317, North Carolina State
University, Raleigh, N.C. 31 pp.

eléctrophoresis of enzymes from forest tree species. Information Report

|

|
CHEL?AK, W. M., and PITEL, J. A. 1984, Techniques for starch gel

|

PI-X-42, Petawawa National Forestry Institute, Can. goraltryCSerV. 49 pp. - |

) - 1

-

s
v
*
43
i o"{'
-
\ J
. X
- \ .
i




CLAYTON, J. W., and TERTIAAK, D. N. 1972, Asine citrate buffers for*pﬂ
control in starch gel |l|ctroph6r¢|l|. Je Fishcrins Res. Board Can. 291

1169-1172.

3

DAWSON, C. D. R. 1941, Tltrlsolik inheritance in Lotus corniculatu: L. J.
Genet. 42t 49-73. ]
\
DE LAUTOUR, 8., JONES, W. T., and ROSS, M. D. 1978. Production of
Interspacific hybrids in Lotus aided by endosperas transplants. .

DONOVAN, L. 8., and McLENNAN, H. A. 1964. Further studies on the
inheritance of leaé size in broadleaf birdsfoot trefoil, Lotus
carniculatus L. Can. J. Cytol. &3 164-169.

FILDEB, R. A., and HARRIB, H. 1944. Genetically deterained variltlon of
adenylate kinase in man., Nature, 2091 261-243.

FREELING, M. 1983, Isozyae systeas to study gena regulation during
developsenat: A lecture. In Isozymes in Plant Genetics and Breeding, Part
A, Edited by 8, D. Tanksluy and T. J. Orton. Elsevier Bcience Publ.,
Aasterdas, Nmw York. pp. 461-83. -

BOTTLIEB; L. D. 1977. Electrophoretic evidence and plant systematics,
Ann. Mo. Bot. Bard. é4: 141-180.

BOTTLIEB, L. D, 1981. Electrophoretic evidence and plant populations,
Progr. Phytochea. 7: 1-44,

BRANT, W. F. 1986. The cytogenetics of Lotus (Legqueinosae)._ J. Nat.
Hist., 201 14461-1445,

4

BRANT, W. F., and MARTEN, 8. C. 1985. Birdsfoot trefoil. In Foragés:
Bcience of grassland agriculture, 4th ed, M. E. Heath, D. 5. Metcalfe and
R. F. Barnes, weds. lowa Btate Univ. Press, Ases, Iowa. pp. 98-108,

HARNEY, P. M., and BRANT, W. F. 1965. A polygonal presentation of
chronataquphic investigations on the phenolic content of certain speciesw
of Latus, Can. J. Senet. Cytol. 71 40-51,

NEWTON, K. J. 1983, Benetics of aitochondrial fsozyuos. In Isozymes in
* Plant Benetics and Breeding, Part A. Edited by- 8. D. Tanksley and T. J.
Orton. Elsevier Science Publ., Amasterdaan, New York. pp. 157-173.

*
E]

0’ DONOUBHUE, L. 8., and W. F. BRANT. 1987. A study of sesd dehiscence in
the genus Lotus :gabacoan) using interspacific hybridization and esbryo
culture. Manusc pt in preparation.

O’MALLEY, D., N. C. WHEELER, and R, P. BURIES. 1980. A aanual for siarch
gel electrophoresis. University of Wisconsin, Departasnt of Forestry,
Staff Paper No. 11, Madison, WI. 16 pp..

PEACOCK, H. A., and UILBIE; C. P. 1957. Selection for resistance to sesd
pod shattering in'birdsfoot trefoil (Lotus cnrniculatus L.}« Agran. {,
491 429-431.

*



o

Péncncx, H. A., and WILSIE, C. P, 49460. Belection for vegetative vigor and
séed setting in birdsfoot trefoil (Lotus corniculatus). Agron. J. 521
321-324. ! ,

PHILLIPB, R. L., and KEIM, N. F. 196B. Seed pod dehiscence in Lotus and
interspecific hybridization involving L. carniculatus L. Crop 8ci. B3
18-21.

B

POOTBCHI, I., and MACDONALD, H. A, 1943. Inheritance of leaf color in

broadleat birdsfoot trefoil. Crop 8ci. 14 327-328, v

RAELBON, J. V., LEMAITRE, P. C., S8TARKIE, K. M., AND GRANT, W. F. 1987a.
An isoenzyme study in the genus Lotus (Fabaceae). [I. Genetic analyses of
isoenzyme loci in inferspecific hybrids, artificial allo- and
autotetraploids, and in L. corniculatus. To be submitted to Benoae,

RAELSON, J. V., AND BRANT, W. F. 1987b. An isoenzyae study in the genus
Lotus (Fabaceam). III. Evaluation of hypotheses concerning the origin of
L. corniculatus using isoenzyme data. To be submitted to Theo. Appl.
Benet.

RIDBWAY, B. J., SHERBURNE, 8. W. and LEWIS, R, D. 1970. Polymorphisas in
the esterases of Atlantic herring. Trans. Am. Fisheries Soc. 991 147-151.

ROSS, M. D., and JONES, W. 7., 1983, The origin of Lotus corniculatus.
Theor. Appl. Benet. 71: 2B4-28B. .

SCHAAL, B. A., and ANDERSON, W. W., 1974. An outline of techniques for
starch gel rlactrophaoresis of enzyses from the Aserican oyster,
Crassostrea virginica Baelin. GBeorgia Marine Bci. Centr, Tech, Rept. Ser.
74-3. 17 pp.

[
4

BEANEY, R. R. and HENSON, P. R. 1970. Birdsfoot trefoil. Adv. Agron. 22
119-137.

SOMARCO, B. H., and W, F. BRANT. 1972. Crossing relationships between
synthetic Lotus amphidiploids and L. cornicul atus. Crop 8ci. 12t 103-103.

TANKSLEY, 67 D., and ORTON, T, J. 1983. Isozymes in Plant Benetics and
Breeding, Part B. Elsevier Science Publ., Amsterdam, New York. 472 pp.

VALLEJOS, C. E. 1983, Enzyme activity staining. [n Isozymes in Plant .
Genetics and Breeding, Part A. Edited by 8. D. Tanksley and T. J. Orton.
Eisevier Bcience Publ., Aasterdam, New York. pp. 469-316.

WEEDEN, N. F., and L. D. BOTTLIEB., 1982. Dissociation, reassociation, and
purification of plastid and cytosolic phosphoglucose isomerase isozynmes.
WSiol. 691 717-723.

IANDSTRR, I. I., and BRANT, W, F. 1948, Th; biosystematics of the genus
Lotus {Legumninosaws) in Canada. I. Cytotaxonomy. Can. J. Bot. 441
557~583..




PR

. 4 . 3 AT, el Ty LT e
» Y £ - DL [ r El [ ] Ay

o, Bl 3720 T ot et 2 YE g~ At ot

e g ¢
. B " - TR ey kg % s e e et s g T 4 oY
. R AT m D e s S ORNE A DAL ONE Ge TR et R ST R T gty et £ T g T IF R

- + Cfen

. ety 5 ot
Tt Y 3 3 e

. . w ., . ; o . RS e Ty "'\3,!"“?&::’%{
» B . s . 'l — ‘ R oL R
® * _ .)‘;’
' ‘ “ ]
W
1 i
\ °
L
Fig. 1. Photographs of representative zymograms for
three genotypes of Lotus uliginosus grown under longrday )
conditions. A. PGI. B, TPI. C. PGM. D. MDH. § = shoot.
R = root. )
\
L]
»
) 3
1 ’ !




- T P ' [t 4, Che T T Ve cd g AE S BT AT pwme v aTH O b pa SO LIAT Sy Bk 5T Lt
. . o A e e, 4 R T P AR A | ML P S €0 L BN S G TR
N I \ s Vo vt W Pl o A 3 " a e TN RIEANY SN
. > N ' . P I R TN me AT T P
e ) N - . - D] - . vy
. {
N 0
- .

A

L]
4
i
4
[
H
5
¥
*,
.
) s
R S R R
S s R S =R s R
1
<
. ¢ C D
.
X
.
»
s ;
.
.
)
!
i
N . %,
S R R
, s . S R s R s R s R o
A .
4
.
' i
.
.
-~
- h ’
‘.; ) . . S ~ -
e L e . z“' bt : ):s‘_' N o - '
Tha oo e hroig w2 e ST e e . R : 4




. - T T g 4 wf AT ke N 3
- - g PR "o ~ 1 LT LI IRIGEIART R VT et B 1] ke Y, T
¢ wge . [ - LI L L1 37, T PRN b S g} # 110 T LR R e 0 o FAPTGT AT s LA
I NS .. - Y: 3‘#5&» AR N T LR h:(,{. A i . {\\y‘“ (lulwlfr;ﬁ, AR ik 4 i, 2o
vt e R R ‘ e P S ve e TN 0, B N S RE L
- K N B N PR T T T P TP
~ s o » ! 3, < 5 ETS | -1 s v s
. [ N ' - - , T t ‘ Jon ey v RPN N .
‘ . - , R 11 H Lo
N e s , ) . ¢ - 3 RN N
B . + - . RIS &
-~ ‘ il 1 '\“'
‘ \ 1 . . - . s 3 %
. kN

?
1
.
4
)
.
el

.

Fig. 2. Photgraphs c;f representative zymograms for
- phree genotypes of Lotus uliginosus grown under long-day
conditions. E. IDH. F. 6-PGDH. G. ME. S = shoot. -

R = root. '

Ful N .
©

AP

=)

T wr
A




- ! * J, LY Tra v Y ey e TR yagtt Pt B LT e Nt PR v RN YOCEES L, Do GBIV R, €T Ol e AT s MR ST N4 T s
Lont oL E; " ] iy o b W 2R et L S TR S ey (JOT AL R T e T Sl Ty R
) RATAE S NP R By T e 3"‘,;, b "-:'i‘c‘ g ‘% D S ’5)‘;.i Ay uu-’:“lg?.); AT B
. o R o PO MRS . P b AP T N 2 - "t vt RN v E T [
. = N BN - . Sty VRARSLTTET . ey W s ST
' ' ' : - oo o ., BN Lt s bl
o .o vy i « [
- v 0 ot REN . o . 26 . STy
. v . LRI . - RN
- B " LS.
N . “ .o, e _ B - A ‘o o

z
}‘

s

¥

[

) ,

2

]
S R S R S R
A
F
. ) W
- S R s R ’
» o

. e
{E:l i P P
G oh s B by, e - - -




o soexit W
. . iy ey, o B gl f T M
- n P A S ST WL eGSR
L. B T T LRSS S L A . P LR R
- - PRI s . LG 5o RN .
Lo A Doy y n M L SR « o0 - a . > . + % A -
. - Y : , o . - v

[ s

¢
T éﬁi\%’*

Sos

Fig. 3. Summary of PGI, TPI, PGM, eand MDH phenotypes

for Lotus uliginosus at different stages of development and

in different tissues.
. S. D.
L. D.

Se = seedling (two true leaveg).‘ o

it

after six weeks of short day growing conditions.

after 12 weeks with final 6 weeks under’ long-day

growing conditions. S = shoot. R = root.

The y axis shows relative mobility.

L

P » A s - B ‘ . . . [
) . e - Voa e (IS
T N L v



1
N .
kY -
T4 <
»
a \ a
P .
N -t
k3 \
T
e 1
*+ A
Ay
LA
- )
T
0
» rt P
! (=]
. .
, . - . L~}
? -
PO
¥ -
. & "
\ - VN
i
Ny \

TPI

9
00

0 .«
"0 o

PGM

.

MDH

oot @

¢ o0

o

i e ¢ (0

o ¢

80-

401

801

4 04

80+

40

80-
40-

o T f oo sl
e T e Ly SettmdeT R e s e in

S

0

Ty

£
Y AL

¢
Veow
3 70,

.
3

"
! ‘>—-~,
TR

.

~ AT e

o



)

' i L\'-\...:
Fig. 4. Summary of IDH, 6-PGDH, and ME phenotypes for
— l

Lotus uliginosus at different stages of development and in

Fd

different tissues. Se = seedling (two true leaves).

S. D.

after'six weeks of short day growing conditions.

L. D.

affe; 12 weeks with final 6 weeks under long-day
growing conditions. S = shoot. R = root.

The' y axis shows relative mobility.
¢ o, !




LE T T g VT TAI O R T T Tl C R e e R A
A T

A
" g
s . o - !

) - »t ' LA

. 4 -

- 30

Se. S.D. L.D. -

IDH

404

80+

(7]
s}
(7]
n
/-]
P
(/-]
o)

40+

ME

8 0

P

[ 4

N




TABLE 1.

Buffers used during prelimsinary experisents .

[
Mutffer pH  Coaposition Electrophoretic Reference .
- asperage
A 5.0 Electrodes 0.03 M L-histidine (ires base) 25uA Cardy ot al. (1981)

€

3.7

6.1

6.5

1.0

0.024 M citric acid (sonohydrate),
adjusted to pH

Bels 1112 dilution of electrode buffer

Electrode: 0.063 B L-histidine tfree base) 2300

0.02 N citric acid (sonohydrate),
adjusted to pH

Bely 116 dilution of electrode buffer

]

Electrode: 0.04 N citric acid (anhydrous), 5084
adjust to pH with N-(3-asino propyl)-sorpholine
Belt | 0.007 A citric scid (anhydrous),

adjust to pH with N-({3-amino propyl)-sorpholine

Electroder 0,085 A L-histidine (éres base)  25ed

0.002 B citric acid lanhydrous),
1djust to pH

Gels 113 d{lution of slectrode buffer

Electroder 0.41 M citrate (trisodiua salt)  J0mA

0.41 A citric acid {anhydrous),
adjust to pH . -

Bels 0,003 A histidine (hydrochloride
sonchydrate), adjusted to pH with NadH
£

-

N

Cardy ot al.- (1981)

Clayton and Tertiak (1972)

Cardy et al, (1981)

-

~~

Fildes and Harris (1944)

oo TRBLE 1, Cofit’d.
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TABLE 1. Continued h - )
buffer pH  Composition . Electrophoretic  Reference
asparage
- .
» R »
F 7.1 Electrode: 0.1 ¥ tris, 0.03 M citric 50mA Modified fros Ayala
“acid (anhydrous), adjusted to pH, et al. (1973)
. 0.001 M EDTA (disodius salt) . YL
A
Belt ' 0.1 M tris, 0,003 N citric acid
2 (anhydrous), 0.001 ¥ EDTA ( !
° (disodiua splt), adjusted to pH
CD
b 7.8 Electrode: Sase as in F, except pH . " 400A Nodified froa Ayala
Gels Adjusted to pH 7.8 with ’"(3' ar et al. (1973
citric acid
H 8.0 Electrode 0,16 M tris, 0.03 A citric 40ef Nodified from Ayala
acid (anhydrous) et al. (1973
Gel: 70 electrode buffer
I 8.1 Electrodm 0.06 B LiOH, 4004 Ridgway ot al. (1970) -

0.3 M boric acid, adjusted

to pH 8.1 \

8.4 Gelt 901 0,03 K tris, 0.05 K citric acid

(anhydrous), adjusted to pH 8.4 ¢
i 101 electrode buffer
i 8.1 Electrode: 0,3 N boric widy adjusted to 40sh Schaal and Anderson (1974)
) H 8.2 with 0.1 B Ml
8.8 Bely 0.43 W tris, 0.003 N citric acid

{sonohydrate), adjusted to pK 8.8




TABLE 2. Enzyaes recipes

Enzyse

Btaining recipe

J

Monitase (ACD, EC 4.2.1.3)

1

Aldolase (ALD, EC 4.1.2.13)

/
fspartate ainotransierase

(AAT (60T, EC 2.6.1.1)

Disphorase (DIA, EC 1.4,4.3)

L [}
25 oL 0.1 N 'tris, 30 ng of cis-aconiticanhydride,

3 o9 B-WDP*, adjust to pH 8.0 with 1 N tris,-

10 units of isdcitrate dehydrogenase,
2 ok 0.1 % MClz.b H;0, 0.5 al NTT (10 ag/al)

and 0.5 a9 PHS

25 oL 0.1 K tris-HCI buffer at pH 6.0, 123 »q
fructose-1-4~diphosphate (tetrasodius salt},

38 o] sodiue arsenate, 20 ag F-NAD*, 130-units
qlyceraldehyde 3-phosphate dahydrogenase, é

0.5 oL MTT {10 ng/sl) and 0.3 ag PHS -

30 ok 0.1 8 tris, 0.3 ag pyridoxal-3'-phosphate,
130 ag L-aspartic acid,
100 q’ﬁtotngluhric acid, adjust pH to 8.0, o

50 mg fast blue BB malt e

’
A

30 al 0.1 § tris-HCl buffer at pi 8.0, 0.5 o9
2,4~dichlorophenol -indophenel, 20 s ;-mﬂ {reduced),

0.5 oL MIT (10 ng/al) (no PHS) .

\ ~
«os TABLE 2. continued
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oo ] TAWE 2, Contuinued

Enzyne

Staining recipe

F-Estorase (EST, EC 3.1.1.1)

Fructose 1,4-diphosphatise

(FOP, EC 3.1.3.11)

8lyceral dehyde-3-phosphate

dehydrogenase (65PDH, EC 1\2.1.12)

.

» 8lycerate-2-dehydrogenase

(8,04, EC 1.1.1.29)

50 ol 0.2 N tris-HCI buffer at pH &.4,
30 ag F -napthyl acetate,
30 mg fast blue BB salt. Dissolve S-napthyl acetate in,

3 oL acetone before adding buffer

25 ol 0.1 N tris-HCl buffer at pH 8.0, 25 g fru7xon-l-6-
diphosphate (tetrasodium salt), 3 i ﬂllﬁDP’, 35 units
phosphoglucoisonarass, 33 units glucose-4-phosphate £

dehydrogenase, 0.5 oL MTT (10 mg/al) and 0.5 ag PMS

25 oL 0.1 N tris-HCI butter at pH 8.0, 40 sy fructose-
|-b-diphosphate (tetrasodiua salt), 33 units of aldolase.
Incubate solution 30 sin at 37°C, then add 3 ag SFNADP-,
40 g sodius arsenate, 40 g EDTA (disodius salt),

2oL 0.1 N MCla.é H0, 0.5 ol NTT (10 ng/al)

ang 0.3 o PHS
25 ol 0.1 K tris-HC] bufter at ph 3.0, ) y
Ting DL-gly:mﬁ {henicalciun salt)

20 ag F-MI°, 0.5 sl NIT (10 sg/al) and 0.5 ag PHS

«s» TABLE 2, continued




SN TAME 2. Contuinued

]
Enzyne . ’ Staining recipe
¥
/ , ~
-4 Blutasate dehydrogenase (6DH, EC 1.4.1.2) 23 oL 0.1 N tris-HCl buffer at pH 8.3,

3 g L-glutamate (monosodius salt)
25 g F-NAD*, 0.5 oL NTT (10 mq/al) and 0.5 ag PHS
ki
Isocitrate dehydcogenase (IDH, EC 1.1, 1.42) 25 ol 0.1 N tris-HCl buffer at pH 8.0, 23 a9 DL-isocitrate
-+ (trisodiua salt), 3 ag £ -NADP*, 2 oL 0.1 B MgCla.b Had,

0.3 ol NTT (10 ag/al) and 0.3 a9 PHS

3

o

Lactate dehydrogenase (LN)) e 25 ol 0.1 N tris-HCl buffer at pH 7.3, 10 ol 8BS Di-lactate,
30 a9 F-Nabe, 2 sl 01 N MClaib W0,
. 0.5 sL WTT (10 ng/el) and 0.5 sg PHS

N
Leucine asinopeptidase (LAP, EC 3.4.11.1)  Soak gel 20 sin in 0.25 N boric acidy
drain, and add 100 al solution of 363 ag saleic anhydride,

. y 328 ag KalH, 70 g L-leucyl-napthalaside-iKl

. @
. ) and 30 ag black K salt
Malate dohydimnm (NDH, EC 1.1.1,3D) 25 ol 0.1 N tris, 100 a9 DL-malic acid, 20 sg S-NAD*,
1
adjust to pH 7.8 with 1 N tris, 0.3 oL MIT m ag/al) .

and 0.3 og PHS

. . vse TABLE 2. continued ) '
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Enzym

Staining recipe

Malic enzyme (NE, EC 1.1.1.40)

Henadione reductase (MR, EC 1.4.99.2)

\
Nicotinanide adenine dinucleotifie

dehydrogenase (NADHDH, EC 1.4,99.3)

Phosphoglucosutasetase (PEN, EC 2.7.3.1)

t

&-Phosphoqluconate dehydrogemase (6~PEDH,

EC L.1.1,34)
A h)

25 oL 0,1 N tris, 210 a9 DL-salic acid, 3 sg Z-NADP*,

adjust to pH 7.2 with 1 & tris, 2 oL 0.1 # ¥gCl..6 Hal,

0.5 sl NTT (10 ag/al) and 0.5 g PHS

25 oL 0.2 N tris-HC] butfer o€ pH 7.0, 25 ag senadione
(sodiua bisulfite salt), 25 ag F-NADH (reduced), .

0.3 ol MTT (10 ag/al)} (no PNS)

25 ol 0.1 N tris-HCl buffer at pH 8.0,

15 A-NADH (reduced), 0.5 ok NTT (10 mg/al) (no PHG)

25 ok 0.1 N tris-HCI butfer at pH 8.9,

17 »g glucose=1-phosphate, 3 ag ZS-NADP*,

0.1 ng glucose {-4-diphosphate, 30 units of
glucose-4~phasphate dehydrogenase, 2 ol 0.1 B

WgClz.b Ha0, 0.5 al NTT (10 sg/al) and 0.5 mg PHS

0.1 N tris-HCI butfar at pH 8.0, 30 ag &-phosphaglucenate
(barius salt), 3 og ZNADP*, 2 aL 0.1 H WgCl2.4 o,
0.5 oL NTT €10 sq/at) and 0.5 ng PHS

vee TABLE 2. continued




TAME 2, Contuimued :

37

Enzyse

Staining recipe

5

Phosphoglucose isomerase (EC 3.3.1.9)

Shikimic dehydrogenass (BKDH,

€ 1.1.1.29

Trimphospfuto isoserase
AN (TP1, EC 5.3.1.1)

25 oL 0.1 M tris-HCI at pH 8.3, 23 g fructose-é~phosphate,
3 a9 7-NADP*, 30 nity of Zlucou-b-phmphatl dehydrogenase,
2ol of 0.1 M MCla.b Ha0; 0.5 ol NTT (10 ng/ab)

and 0.3 ng PHS )

25 ol 0.1 M tris, 25 »g shikisic acid, 3 sg S-NADP*,
adjust to pH 8.5 with § N tris, 0.5 oL MTT (10 ag/at)
and 0.5 ag PMS

)

25 oL 0.4 B tris-HCl at pH 8.0, 7 oq dihydroyacetone

phosphate (1ithiun salt), 20 ag EDTA (disodium salt),
13 qf-ml’, 30 ag sodiua arsenate, 133 units
. glyceraldehyde, 3-phosphate dehydrogenste, 0.3 n%n
' (10 sg/el) and 0.5 ag PHS
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TANE 3. ,ﬂnuty'Jf banding phenotypes for various enzyses using different
electrophoresis buffer systess for L, ullginosus accession nusber §93.
’ Enzyse Electrode/Bel buffer systea (Ses Table 1)
A B C 0 E F 8 W I
ACO -t 8 B o+ s - - -
ALD T TR B | S S .
AAT R T T T SR | B
DIA - - (TURN 1} B 1 s I |
F-EST u ¢ m om o1omoowow - -
@ ; ¥DP ' 1w s N | T SR R |
GzPDH - W 3 8w w w1 -
@GzDH - - - W & ®w -
GDH - - - - oW o1on ouon v
IDH ' T TR T R TR 1t 120 T R R | )
LDH 4 ¢ o - ow st - - ’
LAP SHR S T TN ' T N B BN | 5 N TR | \
MDH ' ? ! s : I} T I | B { B | B i
ME - IO T A - - - A\
MR T T R 1 I I D I I B |
NADHDH ¢ ¢ 815 #8138 1 @ ¢
PGM S T SR T T ST SR SR S S é
N
P
Q.) . _ / TABLE 3. Continusd 4
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Table 3. Contioued :

Enzyse Electrode/Gel buffer systes

6-PGDH 8 88 ses 8 8 ¢ - - -

PGI t 08ttt 8 m ot s

TPI ! s 4] 1) " ' ' ' 1113 S |

*

g Ve - Mo staining activity observed, 9y
§  Btaining, but blurred, no distinct bands.
#  Bands apprar, but faint and difficult to read.

§88 Distinct, clear bands soastisss occur but not consistently.
f

1988 Distinct, clear bands consistently obtained.
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. An imomsyme study in the genus Lotum (Fabacesw). II. Genetic
analyses of isocenzyme loci in interspecific hybrids, artiﬁéial
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RAELSON, J. R., P. LeMAITRE, K. M. BTARKIE, -and W. F. GRANT. 1987. 4n
isoanzyme study in the genus Lotus (Fabaceae). II. Benetic analyses of
isoenzyae loci in interspecific hybrids, artificial allo~ and
autot’}raplotds, and in L. corniculatus. Genoae
A formal genetic analysis of segregation and/or recoabination of

allozyaes for the enzymes PEM, TPI, P8I, MDH, IDH, and 6~PBDH was made using

several taxa within the genus Lotus. Isoenzyse phenotypes were exasined for

the diploids L. alpinus Bchleich., L. burttii Sz. Borsos, L. conimbricensis

Brot., L. ornithopodioides L., L. tenuis Waldst. et Kit, and L. uliginosus

SBchkuhr, for the interspecitic hybrids L. alpinus X L. conimbricensis, L.

burttii X L. ornithopodioides, and L. japonicus ¥ L, alpinus, and for the

tetraploid L, corniculatus L., the autotetraploid (L. alpinus)?, and the

aaphidiploid (L. japonicus X L. alpinus)®. Both pollcn\and’spurophyte

\
phenotypes were exasined, as were progeny phenotypes for L. corniculatus, L.

japonicus X L. alpinus, for the autotetraploid and for the amphidiploid.

Several new loci were identified for Lotus, namely, Idhl, Idh2, Mdh3,

Poil, Pgi2, Tpil, Tpi2, and 6-Pdghl, with duplications of Idhi, Idh2, Mdh3,
Pgi2 and 4-Pdghl. It is also shown that for Lotus PBM is monomeric and that
the other enzymses are diseric as has been previously reported for other
genera. Duplication of several loci was found in the diploid interspecific
hybrid L. japonicus X L. alpinus, and evidence of the original diploid
duplication was found in the asphidiploid. Quadruplication of laoci was also
found in L. corniculatus, but not in the autotetraploid (L. alginus)’. It
is arqued that this duplication resulted from unsqual crossing over between
homosologues and that it provides evidence that L,'corpiculatus is a
segeental allotetraploid, GQuadruplication of loci in 5; corniculatus may

sxplain previously reported distorted tetrasomic ratios for characters in

this species.




Introduction

This paper is the second in a series to report on an iscenzyae study of
several species in the genus Lotus., One purposs of the study was to test
several conflicting theories on the phylogenetic origin of the cultivated

tetraploid Lotus corniculatus L. (Birdsfoot Trefoil). It has been proposed

that L. corniculatus is an allotetraploid involving hybridization between
two various diploid species. Somaroo and Brant (1972) proposed the species
L. japonicus (Regel) Larsen and L. alpinus Schleich., as likely ancestral
specias, whersas Ross and Jones (1985) suggested that L. uliginosus Schkuhr
was the pollen parent and that either L. tenuis Waldst. et Kit or L.

alpinus was the female parent of the original hybrid,

Dawson (1941) observed tetrasomic inheritance of cyanogenesis in L.
corniculatus from the ‘putative cross ARaa X aaaa (duplex cyanagenic X
nulliplex acyanogenic). ' He cbserved a 3311 cyanogsnic to acyaéoqenic ratio
among the progeny which would correspond to a 1 AA 1 4 Aa 1 | aa rat}olfor
g}notu segregation in the duplex parent. On the ﬁa:is of these anﬁ

cytological results, he proposed that L. corniculatus was an autotetraploid

of L. tenuis. : .

The isocenzyae study intended to obtain as many electrophoretic
phenotypes as possible for the pertinent diploid species, and for L.

corniculatus, in order to determine whether any of the diploids could not

have provided the alleles contained within the tetraploid species. -In order

to make such comparisons, it is necessary to characterize the genatics of
nuit;plc isoenzyme loci so that it is certain that hosologous loc{\arn being

compared and that allozymic and isozymic ft*fdrcncul may he distinguished

' &~
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(Crawford 1985; Gottlieb 1977). It is the purpose of this paper to report

—

the rcsg}ts of such a formal genetic analysis.,

t

Begregation of four enzymes PGI, HbH, IDH, and 6-PGDH was studied among
the progeny of selfed heterozygous int;;specific hybrids of L. japonicus X
L. alpinus. The interspecific hybrids were chosen Because they are likely
to be heterozygous for many loci and, thus, decrease the number of crosses
that must be made (Tanksley 1983). Recombination of loci for PGM and TPI in

“
the interspecific hybrids L. burttx%'Sz. Borsos X L. ornithopodioides L. and

L. alpinus X L. comabricensis Bro€. were also examined and sporophyte and

pollen phenotypes were compared for PGM, TPI, and PGI.

A second purpose of the genetic analysis was to test segregation models
at the tetraploid level. Because isoenzyme alleles are codominant, more
powerful tests of segregation are possible than are available with analyses
of segregation of morphological characters which can not distinguish between
heterozygotes and hamozygous dominants (Gottlieb 1977)., Analyses of
isoenzyme seqregation can be expected to provide new insights tnto the

4
reported tetrasomic nature of segregation in L. corpiculatus and the

controversy concerning the allo- vsf autotetraploid origin of the species.
Consequent to this second purpose, segregation of Pé??ﬁnd MDH loci was
analysed 1n the artificial allotetraploid (L. japonicus X L. alpinus)®, 1n

the artificial autotetraploid (L. alpinus)®, and in the te¥raploid L.

L

-

torntcul atus.
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Haterials and methods

Plant Material

Isgenzyme electrophoresis na;’perforued on both sporophyte leaf tissue
and on pollen. In Table | are listed the various plant taxa and their.use
in this study. All material was obtained froe the world Lotus collection
maintained by W. F. Brant at Macdonald College of McBill University.

Accession numbers and/or genotypestare given in brackets following the naee

of the taxoﬁ.

The diploids Lotus uliginosus (193-32) and L. tenuis (109-21) were

included in all electrophoretic gels as standards to which the banding
pattern of other samples could be ck ared. This practice allowed
cosparison of patterns among different gels. Electrophoresis of\pollen uaA
performed on L. tenuis (109-20), on the interspecific hybrid L, iagonicu%j}
L. alpinus (28), and on the artificial autotetraploid (L. alpinus)?®
(774x~5). The hybrid and the autotetraploid were all descendent from the

original material produced by B. H. Somaroo (1970).

~ |

The sporophytes of the interspcéific hybrids L. japonicus X L. alpinus
(23 and 28), of the amphidiploid (L. japonicus X L. alpinus)? (28) and of
the autotetraploid (L. alpinus)® (774x-5) were also analyzed, as were the
progeny obtained from selfing these taxa, Plants were selfed by tripping
the flower keels with the tip of a tooth pick to which a small piece of sand
paper was attached. Self-fertilized plants were then kept in a netted cage
to avoid contamination of foreign pollen carried by insects. GSeed was
collected when pods became brown (approximately 35 days after pollinatign).

The pods xere placed in small envelopes and allowed tc dry several days,

N ~r
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After the pig.sdehisc:d, the seed was hand ;lnannd and 125 seed from each

taxon were planted in flats in the greenhouse. Elggtr?phoresis was

perforsed when the plants were approxiaately two months old. A cross was
o N
also made between two plants from different accessions of the self-infertile

L. corniculatus. Flowers of the female parent (554~5) were emasculated by
re1§ving the keels with a farceps and the plants were then sprayed with 10
ppa of 2,4,5-trichlorophenoxy propionic acid to discourage‘hropptng of the
injured flowers. Two days after emasculation, pollen from the\,ale parent
(Leo-{) was applied to the stigmas of the emasculated flowers. Seed

»

collection ﬁas the éane ds that described above.

Electrophoretic analyses wer7 also performed on several diploid species

L. burttii (3033, L. ornithopodiordes (100k, L. alpinus (77), L.
J

conimbricensis (126) and an bthe }nterspecific hybrids L. burttii X L.
AY

ornithopodioides, and L. alpinus X L:\conimbricensls. These hybrids were

produced by L. §. 0’Donoughue §{19864),

Y v

>

Electrophoré&is -

(%he horizontal starch gel electrophoresis technique employed tn this
study has been described elsewhere {(Raelson and Grant 1987a). Pollen
enzymes were extracted 1n a buffer of 0.1 M KaHPOs (dibasic anhydrous)
adjusted tB pH 7.0 with HCl (Weeden and Bottlieb 1980) to which was added 50
uL glycerol dnd 50 mg of'polyvxnyl pyrolidone per ol of bufiér. |
2-Mercaptoethanol was notfﬁgﬁt with the pollen phosp%ate buffer. Pollen was
collected into migruanalyzer vials by gently rubbiqg the keel tips of the
flowers gxth a tooth pick tipped with a small prece of sand paper., 50O ulL of
chilled buffer was added to approximately 20 ulL of pollen which was then

allowed to soak overnight at 4<C. The soaked pollen was either applied
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directly to the starch gels dsinq filter paper wicks or slse crushed with a
teflon pestle designed tq fit the sicroanalyzer vial, prior to application

1 -

to the gels,

3
-\
Bix enzyses were examined. Phosphoglucose isoserase (P8I, EC 5.3.1.9)

“and triosaphosphat; isonlrase»({PI, EC 5.3.1.1.) were electrophoresed on a
LiOH-borate buffer sygtel (Ridgway et al. 1970). The electrode buf(lr
consiit;d of 0,06 M LiOH and 0.3 M boric acid adjusted to pH B.!. Gels were
prepared using a butier of 0.03 M tris, 0,03 M citric acid (anhydrous)
adjusted to pH B.4, andLIOI electrode buffer. NADP-dependf61 isocitrate
dehydrogenase (IDH, EC 1.1.1,42) and malate dehydrogenase“}HDH, EC 1.1.1,371~
wers electrophoresed using a tris-citric acid systelc(nodified from Ayala et
al. 1973). The electrode buffer consisted of 0.1 M tris, 0.03 X cxtrfy acid

J(anhydrouli and 0.001 M EDTA (disodium salt) adjusted to lezwl. The gel
buffer consisted of 0.01 M tris, 0.003 M citric acid (anhydrous) and 0.001 M
EDTA (disodiua salt) adjusted to pH 7.1. FPhosphoglucosutase (PGM, EC -
2.7.5.1) and é-phosphogluconate dehydrogenase (4-PBDH, EC 1.1.1.44) were
electrophoresed on a histidine-citrate buffer system (Cardy et al. 1981).
The electrode buffer consisted of 0,065 M L-histidine (free base) and 0.007
M citric acid (anhydrous) adjusted to pH 6.5. The gel buffer was 33.3%
electrode buffe;. The Lin-borate systea was electrophoresed at 40 mA, the

tris-citrate systes at 40 »A, and the L-histidine-citrate systes at 25 #A.

All enzymes examined in this stud» soved towards the anode.

Btaining recipes for analysis of different enzymes are described in
severyl sources. The following are from Vallejos (1983), All enzyme stains

saplyed the agarose overlay method.

.

AR <)




TPIy 25 aL 0.1 M €ris-HEC) buffer at pH B.0, 7 ag dihydroxyacetone
phos'phato (lithium salt), 20 mg EDTA (disodium salt), 15 mg S-NAD*, 230 ag
}
sodium arsenate, 133 units glyceraldehyde-3-phusphate dehydrogenase, 0.5 alL

MTT (10 ag/mL) and 0.5 ag PHMS, ) ~—~

PEIs 23 me 0.1 M tris-HC1 HBuffer at pH B.3, 23 mg fructose-é6-phosphate, 3
lq}B-NADP‘,QS units of glucose-6-phosphate dehydrogenase, 2 sl of 0.1 M

MgClz. & H20, 0.5 al MTT (10 mg/aL) and 0.3 mg PMS.

IDH: 25 maL 0.1 M tris-HCl buffer at pH 8.0, 25.mg of DL-isocitrate
(trisodium salt), 3 ag of B-NADP*, 2 aL/0.1 M MgClz. & HzD, 0.5 aL MTT, (10

ag/sl) and 0.5 ag PHS.

MDH: 25 aL 0.1 N tris, 106 ag DL-malic acid, 20 IQ,R-NAD’, buffer then

" adjusted to pH 7.8 with | M tris, 0.3 aL MTT (10 ag/aL) and 0.5 ey PMS.

P8M: 25 aL 0.1 M tris-HCl buffer at pH 8.0, 17 mg glucose-1-phosphate, J
lq‘ﬁﬁNADP‘, 0.1 eag glucose-1,4,-diphosphate, 30 units of glucose-46-phosphate
dehydrogenase, 2 aL of 0.1 M MoCla. 6 H20, 0.3 aL MTT (10 mg/mk) and 0.3 ng

P"S- hS

6-PBDHt 25 aL 0.1 M tris-HCl buffer at ﬁH 8.0,’30 ag b-phosphogluconate
(barjus salt), 3 ng,ﬂ-NADP’, 2 sl of 0.1 M MgClz. 6 H20, 0.5 alL MTT (10

ag/al) and 0.3 mg PMS.
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Senetic models

The nomsenclature used to describe loci in the following discussions is
as foliows. Every locug is namsed by giving thn‘enzyle abbreviation followed
Lyﬂ:‘nulbcr which refers to the‘locus; for example, Pgi2 or [dh3.
Elnc?}qgnﬁrntic bands are denoted by theiir sobility r;lativn to one commonly
occurring band which is arbitrarily assigned the nusber 100. If, for
example, the band designated as 100 nigratés 25 sfllimeters f}on"tho origin
during electrophoresis and a second band migrates 15 millimeters, then the
second band i§>desxgnatgd as{15/25 X 100 = 40,

An allele at a given locgs 1s‘dnsignatod by giving the locus name and”
nuaber followed by a dash and the relative mobility of the band tha}(is
produced when that locus is homozygous for lhat ;&lule, for example,
gilgjbo. These formal allelic designations will be abbreviated when it is
abvious to which locus and allele reference is beipg made. The aost
lnodallyiiigrating allele will be called F (for fast) and the most cathodal
allele will be called § (for slow). A third allele Jhat migrates between F
agd § will be called N (for aiddle). A further abbreviation that is used in
the tables and figures is to number the alleles when referring to a
genotype. If three alleles are present, the genotype is given three
numbers, if two‘are present, it is given two numbers. When three alleles
are present the numbers designate the nuaber of copies of F, M, B, to show
the numsber of alleles that are present. For examsple, the genotype FFMS is
coded as 211, and the gcnotypl‘FHSB is 112. When only two alle}es are

precsent, only two nusbers are used, for example, FS88 becomes 13. *
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':%v \ ‘ Variftt?ntin isoenzyae phenaotype can arise fros several sources, It L
<j} say be allelic (Allozyae), rglulting fros alternative DNA sequences at a
- .given locus, or iiozynl: in th; strict sense, representing different
7

sequences at separate loci (Bottlieb 1977), Oftcn}'thl praducts of separate

isozyafic loci are isolated in separate subcellular compartsents (Weeden

1983). (\“/

Apart from the distinct loci that encode isolated subcellular :§r.; of
the sase enzyme which have been found in many diploid/plants, there may also
occur duplication of a given locus which encodes for a given isozymic foram.
These dupli;atinns have been found in diploids but are spost often associated
with polyploidy and have been used as a critgrion $or ascertaining basic
chrososome nusbers (Bottlieb 1981). The products of these duplicated loci

/ can interact and form interlocus heterodisers for diserig:enzymes such as

( s PBI (Tanksley et al. 1981§ Weeden and Eottlieb 1980).

\ s
All of the engyles'used ln,this study, with the excgption of PGM, have

been found to be dimeric (Tanksley et al. 1981; Weeden and Gottlieb 1980

Kaﬁlor and Lay 1985; Fernandez and Jouve 1987), that is, they are composed

'| of two polypeptide subunits t%at are theaselves the gene products and that
randoaly associate after translation to forsm the active eanzyse. Three types

- of disers will be formed in a diploid individual that is heterozygous for

such a dimeric enzyne. Two of these will be distinct hosodimers made up of
idontical/suhunlts and tyi‘third type will be a heterodiser made up of
diffarent subunits, each encoded by a different allele. Because the
association occurs randoaly, the three typos of dimers will occur in a {1211

?' ratio and can usually be separated by electrophoresis., The ratio of

occurrence is raflected in differential density of the enzyme bands.
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14 more than one diploid locus is prasent, the 12211 ratio of band

density may be distorted because the alleles, and thus the polypeptide

subunits, may no longer be present in a {11! ratio. There can even exist
three or more different alleles present within the same genome, An
individual with duplicated loci and heterozygoﬁs for three alleles will
produce six different types of dimers, three honodidérs and three
heterodiaers (gll of these may not be distinquishable on the electropharesis
gel.) Figure | is a summary of data presented by Ostergaard and Nielsen
(1981). They show electrophoretic phenotypes associated with different
genotypes of tetraploid ryegrass with duplicated Pgi2 (cytosolic) loci. The
four left lanes show the Rhenotypas of individuals that are homozygous at

/ all loci for each of four distinct alleles which they labeled A, B, C, and
D, The individual in lane 5 contains all four alleles in its genotype. The
phenotype shows ondy 7 of 10 possible bands due to overlap between various

homo~ and heterodimers, The individuals in lanes 4, 7, and B are

heterozyqous for two of the alleles but they contain varying doses of each.

The individuals in lanes 9 and 10 are heterozygous for three of the alleles.

The band density of any phenotype of any level of enzyme with

quaternary structure, dimer, trimer, tetramer, etc., can be predicted fronm

the genotype by the multinomial expansion:

¥
( (f + ] L +lll) !/ (f! .! ’!lll) ) ‘F'H.S--c-)

where upper case letters refer to the copies of a given allele: F, N, §,

\\;Tt-, within the genome and the lower case letters refer to the.nusber of
/‘ *
polypeptides ofja given type: f, m, s, otc., within a particular active

' o snzyme solecule (May 1980). For exasmple, the genotype FFFM for a dimer

-
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‘mnzyae will have the following phenotyps., The band density of the honodgnof

)
£4 will be ( (2) !/ (2!) ) (321°) = 9. The band density of the heterodiaer
fa will be ( {1 + 1) !7 (1!1!) ) (3*12) = 4, and the band density of the
hosodimer aam will be ( (2!) /7 (2!) ) (3°12). = 1, The expected phenaotype

‘

will be three bands in a 91611 ratio.

Figures 2 and J present the expected electrophoretic phenotypes for
individuals with various doses of distinct alleles in their genomes. An
allelic dose is equivalent to one copy of any alleley a diploid with a
nonduplicated locus would have two allelic doses, a tetrapload four; etc.
Figure 2 presents expected phenotypes when two distinct alleles are present,
and Fig. 3 shows the phenotypes expected when three distinct alleles are
prl!l:t within the same genome. The ratio of band intensities is given for
sach phenotype. There are only five bands, rather than the theoretical six,
shoun for individuals that are heterozygous for three alleles because the
heterodimer, fs, generally nig(ates the same distance as the homodimer, aa,
on slectrophoretic gels. The middle band in such phenotypes shows two
numbers for its density ratio which correspond to the expected nusber of
copies of the as homodimer and the fs heterodimser, respectively. The top of
] diaqral’correspondl to the anodal end of a gel and the bottoe corresponds
to the cathode and origin of electrophoretic aigration. In the five banded
phenotypes, the top band represents the hosodiser §f, the second band
represents the heterodiser fs, the aiddle band correspahd: to the hamodimer

an, and the heterodimer f9, the fourth band represents the heterodiner as,

and the bottom, -band the hosodiser ss.

It is doubtful that starch gal electrdphoresis possesses snough

resolution to distinguish among phenotypes when more than eight allelic

-
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doses of replicated loci with two alleles, or more than six allelic dog:s of
replicated loci uith.three tlleles, are present. In adfition, the actual
density of bands aust reeain theoretical, since no densitoaetric 0
seasurements of gels were made. However, at these levels of loci
replication and below, phenotypes can be distinguished visibly by noting the
number and relative gsize and position of bands., For example, the difference

in phenotypes between genotypes 510 and 420 can be seen visually on the

starch gels,

In Table 2 are Punnett squares which illustrate the method for
calculating the expected numbers for the various phenotypes among progeny of
sel fed heterozyga}es. Two basic genetic models are used; that of

v independent disoaic inheriifnce, and that of tetrasosjc inheritance,

Disomic inheritance is associated with segregation'in the classical genoamic
éiﬁ allotetraploid. The duplicated loci are considered to represene two
independently segregating diploid loci. Tetrasomic inheritance is the model
of segqregation ;ssocxated with the classical concept of autotetraploidy.

The duplicated loci are considered one locus with four allelic positions,
The essential difference between the two models is that within a tetrasomic

-~

locus, any chromosome can pair with any other chromosame giving a gametic

ratio of 11411 (FFiFS:185) for an individual that is duplex (FFS8) for two
alleles; while a given chromosome can only pair with its homologue for

duplicated disomic loci so that the gametic ratio is 1:2:1 (FF3FS185) for an

{
individual with two heterotygous disomic loci (Schulz-Schaefer 1980).

Complications with the tetrasomic model arise with a heterozygous
individua. that is triplex (FFFS) or simplex (FS55) or when the tetrasomic

' locus is far enough from the centromere so that crossing over results in




7 A R

N . - . - “ PR I VIR YT LN S A A
C TR TRl L e E TN AR TN AG T e et Tk T AR Mg, T RO T
7 7 L PR . PN . U AR A g REERICERE

’ - N ’ ) . _ . 53—‘

. ’ig

:

double reduction and chromatid segregation., A simplex or duplex individual %
produ&cl only tﬁo types of gasetes that recosbine to give a 112:1 ¥

(FFFF1FFFE1FFB8 or FFBBt1FEB8388688) ratio of progeny phuno?ypos. This ratio
is indistinguishable from the segregation ratio of a single disomic locus.
When chrosatid tetrasosic segregation is in effect, any chromatid can be
paired with any other and the gametic ratio becomes 3:1B:3 (FF1F8:188), rather
than 114:) for a duplex heterozygote.

¢ -

When three alleles are present the pattern of segregation bacoaes quite
complex, however, the basic principle resains that the rules of chromosose
pairing are different for disomic and various tetrasomic wmodels, These
principles are the basis of the genetic models presented in

Tables 3 and 4. »

Table 3 presents sxanples of the expected frequencies of genotypes
asong selfed progeny of various heterozygotes with va?lous numbers of
alleles coding for a d!ler;c enzyme whan independent disomic inheritance is
in effect. An important assuaption of this model is that the loci are
segregating indcpnndently.“ Linkage among loci will distort-these phenotypic
ratios, and there is no reason to exclude the possibility of linkage amang
duplicated loci. This liaitation is continually considered in the analysis
to follow. Table 4 pregents examnples of the expected distribution of
progeny gcnotygos when the duplicated loci segregate according to the

various models of tetrasomic inheritance.
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% 9 Pollen sadels

- Much genetic inforsation can be obtained through the comparison of

-

iscenzyne phanotypes of sporophytic (diploid, somatic) tissue uigg those of
pollen (haploid, gametophytic). If”pullnn is allowed to soak in extraction
buffer only certain isoenzyse bands, corrasponding to cytosolic enzyess,
will appear. When the pollen is crushed in the same buffer, it displays a
sinilar i:denzyla phenotype to that of sporophytic tissue. Weeden and
Bottlieb (1980) demonstrated this fact by comparing zymograms of diploid
sporophytic tissue of soaked ‘and crushed pollen, and of purifiad, isolated
chloroplasts for several different enzymes. The bands that failed to appear .
on the zymograss of soaked pollen were identical to those of chloroplasts,
Crushed pollen containad the chloroplast associated bands. A comparison of
@- zymoQraas of soa}tod and crushed pollen is, thus, one way to distinguigsh the ¢
) cytoplasaic from the organelle sequestered isozymes. This is illustrated in

Fig. 4A. ‘

Other genetic information can be obtained from the comparison of
sporophytic and pollen zymograms for heterozygotes. Differences in banding
for either cytosolic or organelle loci may occur. Because of the haploid

condition of the pollen, no intralocus heterodimers will occur (Weeden and

'3

\ Bottlieb 19793 Tanksley et al, 1981). 1If a diploid :fkﬁetlrozyguus for only \
one nonduplicated locus, any one pollen grain will contain only one copy of ’
either allele so that only homodimers will occur in a sample of pollen, &
However, if duplicated loci exist uhich are occupied by different allelic
fores, thﬁgfullun can possess two different alleles and interlocus

heterodisers will be produced., The presence oiﬁhybrid bands in_pollen

T T S S
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. zymograss is considered to be evidence of duplicated loci. This is
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Pollan zysograns may also distinguish between disoaic and tetrasonic
segregation when duplicated loci are presant. The band density ratio m d
different for pollen resulting from these different types of segragation

because gamete frequency is different. This fact is illustrated in Figq. 4C.

Various aodels can be made to prad?ct phenotype based upon the fact
that -no intralocus heterodimers can form in polﬂgn of plants with duplicaied
disomic loci and upon the fact that band intensity ratios will be different
for disomic and tetrasomic segregation. Geveral examples of such models are
illustrated in Figs. 4 D and 4 E. It is doubtful t‘at all of the different
phenotypes can be distinguished visibly with the resolution available to
starch gel electrophoresis. For example, it may not be possible to visually
digtinquish between the 2,2,8,2,2 and the 3,1,10,4,3 phenotypes in Fig. QE.

However, it should be possible to distinguish either of these from the

1,2,2,2,1 phenotype.

Results

Pollen fAnalysis

Successful isoenzyae staining uai obtained for pollen with the enzymes
P8M, TPI, and P6I. Figures 5 and 6 show isoenzyme phenotypes for
sporophytes and for socaked and crushed pollen for PGM and TPI of L.
japonicus X L., alpinus, The lowest or most cathodal band fails to appear in
the zy;ogran for woaked polien., It can be concluded frgl these results that
the upper zone for PGM and TPI represent cytosolic isozymes, while the other

ones for these enzymes correspond to organelle sequestered snzymes. Other

»




St

. .
. ;
* .
v - 0 T
.
a -
.
L3 3
. / ‘
o !
A
3

o

,studies have shawn that tha lowsr zone of the PBI phanotype roprl;lnts

cytosolic lpci {(Ostergard and Nielsen 1981; Weeden and Bottlieb 1980),

\ N ~
Figure 7 shows the phenotypes of PGl for‘sporophygﬁs and crushed pollen
for several taxa. Lanes two and tﬁrnn contain the phonotyp;s for the
sporophyte and pollen, respectively, of the diploid species L. tenuis
(109-20), The pollen phenotype displays no hybrid band, indicating that
this individual contains only one nonduplicated cytosolic locus for PBI.
Lanes four and five contain the sporophyte and pollen for the interspecific
hybrid L. japonicus X-L. alpinus (23). Both phenotypes display five bands
1ndicatiﬁg the presence of three alleles within duplicated loci. It should
be noted that this taxon is a diploid interspecific hybrid (2n = 2x = 12}
and the evidence of duplicated loci at the diploid level is of interest.
The pollen phenotype also contains five bands which-isplies that bo&h loci
ars heterozygous (F/M, F/8). I the M and 8 alleles were both at the sase

locus (F/F, M/8), the as heterodimer (second from the bottom) would.not

appear. ' g .

Lanes & and 7 contain Sporophyte and pollen phenotype; for the
artificial ;ufotetfap;\id (L. alpinus)® (7744-5). The sporophyte phenotype
is $ive banded with the middle three bands approximately equal in intensity
and darker than the two extress bands. This ilp!ios that it contains at
least two duplicated cytosolic loci with thres alleles, The pollen .
phenotyps also possesses five bands with its aiddle band much darker thin
the others. This fact eliminates the possibility that the qenotype is F/8,
N/M which would have a band intensity ratio of 1,2,2,2,1 (see Fig. 4E).

Nhether the pollen phenotype has a band density of 2,2,8,2,2 (dilﬂll?/ |
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segregation of two loci F/M, N/8) or a ratio of 3,4,10,4,3 (t;trl;onié locus

FHMNB) can not be determined with the resolution available with thfs gel.

Diploid sporophytes

P8M: The interspecific hybrid L,‘burttii X L. ornithopodioides was the only \\
individual available that was heterozygous for PBM. This hybrid is

infertile so that no sogr‘3¢t§pn studies could be pn;fornodl Figure B spous

the recoabination of PBM llleins in the interspecific hybrid. Each of the
parent species contains a common PEM band in its phenotype (relative

mobility 100) in addition to another band which is not ;hared.‘ The hybrid
contains all three parental bands but no new hybrid bands occur. This fact
implies that PEM is a monomeric enzyme and agrees with previous repﬁ;és from

e

other studies (Narwick and Bottlieb 19855 Bottlieb 1981 Kahler and Lay

1985; Wolf et al. 1987).

TPI: The interspecific hybrid L. alpinus X L. conilbiicensis was
heterozygous for the msore anodal (cytosolic) locud of TPI. This hybrad is
also infertile, precluding seqregation ltudios: The parental species each
possesped distinct bands for this locus (relative aobility 100 an; 110;.
The hybrid phenotype contains both of these bands plus a hybrid ‘

heterodimeric band between thes YFig. 9). The hybhrid band indicates that

the cytosolic TPI enzyme 1s dimeric, Thi; hybrid is the only individual

that we have observed that is heterozygous for the cytosolic TPI locus.

N
PEI: The two interspecific hybrids L. japonicus X L. alpinus (23 and 28)

were heterozygous for the more cathodal (cytosolic) isozyme of PGI. These
o -

hybrids are fertile and were selfed to produce progeny. The segregation of

phenotypes among these progeny was analyzed, The phenotypes and the nuaber
-t



% of each that were observed among the progeny of selfed L. japonicus X L.
S alpinus (23) are shown in Fig. 10. The parent displayed five bands

indicating the presence of three alleles in at least two duplicated

cytosolic loci.

The upper (chloroplast sequestered) locus of PBI has been called pgil
and the cytosolic lbcus pgi2 in previous studies (Ostergaard and Nielsen
{1981 Bottlieb 1981). In compliance with this precedent, we will name the

duplicated cytosolic loci pq12 and pgi3. The three alleles of pgi2 and pgi3

are denoted by the relative mobilities of their homodimeric bands. The most
\
anodal (chloroplast or ggil)}band has been arbitrarily designated as

5{( pgi1-100 and the three alleles become 72, 42, and 32,

The presence of three loci makes it possible to test far the
‘;g, segrodation of the two distinct loci separately. Figqure 1l presents the
Pesults of this test. The genetic model proposes two.duplicated disomic
heterozygous loci (F/8, F/M). The choice of which locus 1s pgi2 and which
is pgid is arbitrary. Buch a double heterozygous genotype has already been

suggested by the pollen analyses. Figqure i! presents a contingency table

that allows the calculation of three chi-square values,

= (o, - )2
The value Chi-square, = g y 2 d¥, tests whether

LK

. locus | is segregating according to the expected 1:12:1 Mendelian ratio,

) {0y - #,)2 '
and the value Chi-squarez = E y 2 df, tests whether
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locus 2 is segregating according to a 11211 ratioj and the value

4

(Qes = @44)2
Chi-squares = y 4 df, tests whether the two

L W
loci are segregating independently in a 11211121412111213 ratiao, The

results are in accordance with a model of two linked duplicated disomic

loci.

Although not likely for a diploid interspecific hybrid, the possibility
that the two loci may segregate in a tetrasoamic manner cannot be discounted.
Table S presents the expected nuaber of weach phenotype in the progeny of a
segregating tetrasomic heterozygote (FMMS) undergoing either chromosome or
chromatid sagregation. The Chi-square value for chromosome seqregation is
not significant., This fllustrates the difficulty in histinguishxng between

the two models when linkage may be involved.

The parental and progeny phenotypef of selfed L. japonicus X L. alpinus
(28) and the observed number of progeny phenotypes are shown in Fig, 12.
The parent displays a three-banded phenotype with a distorted band density
ratio. The ratio is more in the range of 9:611 than 11211 which would be
expected for a heterozygote with only o;e cytosolic PGI locus. There are
three progeny phenotypes, a single banded phenotype, a parental phenotype,
and a three-banded phenotype with a 11211 band density ratio. These results
are consistent with those which would be expected if the selfed parent
possessed two duplicated loci of which only one was heterozygous (F/M, F/F).
The one segregating locus would give three genotypes in a frequency ratio of

11211, while the homozygous locus would distort the band densities towards

the sore anodal bands. However, such a distribution of progeny phenotypes
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could also be observed if the parents were triplex tetrasomic (FFFM). Two o
ganetes would be equally frequent in such a triplex (FF and FM) and would +
recombine to ?ivn the same phenotypic frequency. " One way to d?itinquish |
between these alternative modes of segregation would be to self any of the

progeny with the 11231 band-density phenotype. If the disomic model was v
correct, these individuals would be homozygous (F/F, ﬂiﬁ) and nolscgregqtion

of PB1 would occur among their progeny. I¥ the tetrasomic sodel was

correct, these individuals would be dﬁplox (FFXM) and segregation would

occur to produce phenotypes in the frequency of 1:18118:811.

IDHt  The interspecific hybrid L. japonicus X L. alginu; (23) was
heterozygous for anodal loci of IDH. The parental and progeny phenotypes
from this selfing are presented in Fig., 13, along with the observed
occurrence of each progeny  phenotype. The phenotypes display two zones of
enzyme activity, an upper clearly stained zone (relative noblliti, 100-85)
and a lower more cathodal zone (relative mobility, 40-62) which is poorly'
stained at this buffer pH. Allelic segregation was crnfined to the upper

ione.
A

-

The progeny phenotypes observed from the selfing of the hybrid were
coaplex. The parental phenotype was three Pandod and unbalanced with
heavier cathodal bands. This suggests that it possesseqotno alleles‘(loo
and 85) with more slow alleles than fast in its genotype. Seven phenotypes

were observed among the progeny suggesting the presence of three segregating

loci (see Table 3): The simplest disoaic parental genotype that is

compatible with these observations would be (F/8, F/6, F/8, 8/58), that is a
]
genotype of four replicated loci of which three were heterozygous. Various

tetrasomic models could also fit these observations. The observed progeny
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frequencies along with those sxpected for dllonic inheritance and for
several aodels of tetrasomic inheritance are presented in Table 4. The
chi-squsre value for gﬁodnlln ;1 fit is statistically gignificant far the
independent disomic lagi sodel (perhaps hecause linkage is distorting the
ratio), Chi-square values are also significant far the tetrasosic lﬂd!l;

which fit even less well with observed vafues. b

MDH: Parental and progeny phenotypes for the selfed interspecific hybrid L.
japonicus X L. alpinus (28) for MDH as well as ;he observed nuabers of
progeny phenotypes are presented in Fig. 14. The zyeograms are complex as
would be expected for an enzyme with three isozyaic forms. Thfre is a
sinqln zone of segregation hetween relative mobilities 82 and 64. This zone
is cha;actlriz!d by a changeable three-banded phenotype, thus iaplying the
prtscnce of a diseric molecule. The parental phenotype is unbalanced with
heavisr weighting given to t?e‘loubr bands suggesting the presence of at
least one other homozygous locus controlling the phenotype in this region.
Biven the complexity of‘;hn phenotype and the lack of knowledge coécerning
interaction of this diser with other loci, it is not possible to hypothesize
an exact genotype for the parent, however, the présence of three progeny
phenotypes in a frequency ratio of 11211 amd with the parental phenotype
being most coamon among the progeny, it would suggest eith;} the seqregation

-
of a single disomic locus, or of a triplex or a simsplex\ tetrasomic locus.

o

Selfing of the progeny with the third phenotype could digtinguish between a

disomsic mode]l with two loci homozygous for different alleles or a duplex

e /

6~-PBDH: The interspecific Mybrid L. japonicus X E; alpinus (28) was also

.

tetrasomic lpcus for these individuals.

//hctlrozygous for the upper zone of 6-PEDH. The parental and progeny
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phenotypes frén the selfing of the hybrid are presented in Fig. 13, along
with the observed frequency of occurrence of each progeny phenotype. The
observations ar; in accordance with a disomic aodel with two loci, one
heterozygous for the alleles 4-PEDH1-120 and 4~-PEDH1-100, and the other
homozygous for the slower allele 6-PBDH2-100. .This lodel\<911n Fan not be
distinguished from a sisplex tetrasonic model (F888) except by selfing the
progeny with the three-banded {1211 band-density phenotype.

!

Independence of PGI, MDH, and 6~PBDH loci

The interspecific hybrid L. japonicus X L. alpinus (28) was heterozygqQus
for Pgi2, Mdh3, and &-Pgdhl. If the plausible model for duplicated disomic
inheritance is assumed for each of these enzynesg then it is possible to
test for the independence of segregation of these loci by coaparing
phenotypes for each enzyme in each offspring. The results of this analysis
are presented in contingency tables in Figs. 14, 17, and 18. B8egreégation of
Pgi2 is compared to that of &6-Pqdhi in Fig. 14, MdhJ is compared to 4-Pgdhi
in Fig. 17, and Pqi2 is compared to that of Ndh3 in Fig. 18. All cﬁi-squar:
values are nonsignifﬁcant. These results ;re consistent with a model of
three unlinked disomic loci for these enzymes. It is not possible to
determine linkage relationships among the second homozygous loci for each

L

enzyae nor between the two duplicated loci of each.

Tetraploid sporophytes . “

In view of the unexpected complexity found within the diploid
interspecific hybrids, it is not surprising that the tetraploid genstics
becoses quite cosplex. Cytasolic IDH snzymes were found to be controlled by

at least four loci in the diploid hybrid. Thys, it could be expected to be
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affoctad by ciqhg locian the artificial allotetrapleid. This level of
coapluity goes bayond the resolution aviilable ug&ﬁ starch gel 7

sl ctrophor;lis. év;a ghc enzymes, Pé!, MDH, and &-PBOH which could be

de criscd by a model of two duplicated loci at the diploid leval, would
possess io;r loci in the llloteéraploid. Any linkage amang these loci could
seriously distort ratios from those baind upon independent disoni:\im_7~
inheritance. Nevertheless, the nuaber of different kinds of progeny
phenotypes that are observed can indicate at least the number of segregating

-

~
loci and an atteapt has been made to analyze the tetraploids. The

. \
tetraploids (L. japonicus X L. alpinus)® (2B), (L. alpinus)® (774x-3) and L.

corniculatus were all heterozygous for PBl and MDH and were used in this

- analysis,

.

&
Allotetraploid (L. japonicus X L. alpinus)? (28)

A representative zyesogras and observed progeny phenotypes for the
selfed azphidiploid are presented in Figs. 19 and 20 for the enzy;es PE1 "and
MDH, respectively. The PBI progeny phenotypes are coamplex and it is
difficult to ascertain an mxact genotype for each. However, there are seven

phenotypes found among the progeny, and the parental phenotQpe is unbalanced

with the upper bands being of greater density. These facts suggest one

"homozygous locus and three heterozyqousichi. Moreaver, the observed

progeny phenotypic ratig is not significantly different from the genotypic
ratio that is predicted by a model for three segregating disomic loci (see
Table 7). The only tc;rasulic aodel that would Qrovide for seven phenotypes
asong the progeny would be the independent segregation of one simplex and
one duplex locus. The ph;notypic ratios predicted by such a maodel do not -

§it the observed zaluus (Table 7).
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Tha progeny displayed five phnnotyp?s for MDH. This is compatible with

¥
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a2 model of two seqgregating disomic loci or one segregating tetrasomic locus,
Tests of goodness of fit for these models are shown in Table 8. Chi-square
values for all three models, disomic, tetrasomic, chronosome segregation,

and tetrasaomic chromatid segregation, are nonsignificant. -

Artificial autotetraploid (L. alpinus)® (774x-5)

P6I: Parental and progeny phenotypes and observed occurrences of progeny
phenotypes for the selfed artificial tetrag}oid are sho;n in Fi1g. 21. The
parental phenatype has five bands and is balanced. This fact suggests a
genotype with three alleles with two doses of the aiddle allele (relative
sobility 62), The genotype could be (FMMS) for a tetrasomic model or F/M,
M/8 for a disomic model. There were ei1ght phenotypes obser:td. This number
of phenotypes could be produced by the segregation of one tetrasomic locus
or two disomic loci if it is assumed that one of the rarer genotypes (202)
did not occur within our sample (see Tables 3 and 4). Observed and expected
frequencies of progeny phenotypes for disomic and tetrasomic models are
shown in Table 9, All chi-square values were significant. The model with

tetrasomic chromosome segregation provided the best fit with the observed

data.

MDHt Results for the segregation of MDH among progeny of the selfed
autotetraploid are shown in Fig., 22. The parental phenotypes are more dense
for the lower segreqating bands, indicating either a simplex tetrasonic
locus (F585) or one homozygous and one heterozygous disomic locus (F/S,

B8/8). The progeny phenotypic ratio is approximately 112:1 which would be

consitent with either model. Again, selfing the progeny with the phenotype

with a band density ratio of 11211 could test these alternatives.

a
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It should be noted that the presence of only four allelic doses need be
hypothesized to explain segregation in the autotetraploid, unlike the eight
allelic doses needed for segregation in the amphidiploid. These would ‘

correspond to only one tetrasomic locus or two disomic loci and thus, only

one nonduplicated locus for esach enzyme in the diploid L. alpinus (77).

Lotus corniculatus L.

This cultivated tetraploid is not self-fertile. Thus, it was necessary
to perform the more difficult task of artificial cross pollination, Since
L : T an outcross was necessary in any case, the crosses were chosen so that a
heterozygote was crossed with a homozygote, an squivalent of the testcross.

The phenaotypes for PEI and MDH for the parents of this cross are shaown in

Fig. 23. The testcross is more precise than selfing because segregation
occurs only in the heterozygote., Thus, gamete frequency from only one

( / individual (the hetero2ygote) can be directly observed.

N

Results of the cross for PBl are shown in Fiqg. 24, There were five

progeny phenotypes which indicate the presence of five gamete types in the
heterozygotic parent (354~4), This nuaber is consistent with a model for

four segregating disomic loci (F/M, F/M, F/M, F/M) or else two tetrasoamic

loci (FFMM, FFMM). Results from tests of goodness of fit for disomic and
tetrasosic models are presented in Table 10. All chi-square values were
significant, indicating lack of fit. Again linkage among some of the four

loci could distort disomic ratios. The model for four independent disomic

-
loci produced the best fit af those tested.
The segreqation of MDH loci within the heterozygotic parent produced
‘[gx’ two progeny phenotypes in an approximsate 1:1 ratio (see Fig. 23). This is

consistent with the presence of one heterozygous disomic locus or else a
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triplex tetrasomic locus. The phenotype of the heterozygous parent was

ok
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unbalanced implying the presence of at least one other homozygous locus for

¥ s

the disomic model. .
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Discussion

Characterization of loci

The first purpose of this study, to characterize and separate distinct
loci, has been satisfied. The enzymes PBM and TPI possess distinct
cytosolic ?;d organelle sequestered zones of activity. The cytosolic
enzyaes are represented by upper, more anodal bands of PEM and TPI. These

results agres with those reported by Wesden and Gottlieb (1980) for pea

(Pisum sativum L. cv. Alaska).

i@ The cosplex phenaotype of MDH was not resolved into its arganelle and
cytosolic components, however, a single zon@eof allozymic activity was
fdentified (relative mobility 82-64). 1IDH was found to contain two isozymic
zones. This two-zoned phenotype corrasponds with results presented by Kiang
and Gorman (1985) for IDH in soybean (Blycine max (L.) Merr.). They )

deaonstrated that the upper zone of the phenotype was cytosolic and

controlled by two duplicated loci that they named Idhi and Idh2, and that

the lower zdne represented an enzyme form sequestered within the

aitochondria.

The phenotype of 46-PBDH was resolved into two isozyaic zones with

segregation confined to the anodal region for the taxa studied here.

Allozyeic recombination and/or segregation was displayed for the ’f

@ cytosolic loci of TPI, #or two loci of PBM, #oX the cytosolic loci of PEI
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and IDH, for the most anodal region of &-PBDH and for the siddle zone of MNDH

asntioned above. The newly identified loci and allelms for Lotus are naaed

a

as followss Tpil-100 and 110, Pgi2,3-82, 72, 42 and 52, ldh!,2,3,4-100 and
85, Mdh3-82 and 46, and 6Pgdhi-120 and 100.. Evidence of heterozygosity for
three chlr loci was discovered in an electrophoretic survo} of the diploid
species and will be reported elsewhere (Raelson and Brant 1987b). These
loci are Tpi2 and é6-pgqdh2 (both the more cathodai rones of the phenotypes)

and Hel, These loci were not hgt!rozyqous in the taxa reported in this

paper.
i

Duplicated loci and allo- and autotetraploidy

The presence of duplicated isoenzyme loci at the diploid level in the

interspecific hybrids L. japonicus X L. alpinus (23 and 28) was an

unexpected finding that leads to interesting hypotheses concerning the

origin of the duplication. Gottlieb (1982) reviewed the subject of

f

duplication of isoenzyme loci and pointed out that duplication may arise

from translocations batween chromosomes in diploid gencses or froa ancient
palyploid events. Gottlieb and Weeden (1979) found evidence of duplicated
Pgi2 loci in certain sections of the genus Clarkia, Because these loci
segregated independently, thaey proposed a tran;location between
zgunhonologous chronosones as the source of the duplication, and considering
such a translocation a unique event, they rearranged the classification o4
Clarkia by placing together those taxa with duplicated loci. Gottlisb
\(1992) presented samples where duplication reflected ancient golyploidy. He
j!td the example of lea mays for which the presence of duplicated loci for

several enzymes along with other evidence suggested x = 5 rather than x = 10

as the correct basic chrososome nuaber for the speacies.




It can be asked whather such a mechanisa was responsible for the

duplication of PEI, ﬁDH, 6-PBDH,'lnd IDH loci i{n the interspecific hybrid

- . hy
- Togke

sxamined in this study, that is, do the duplications represent ancient

-
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polyploidy in Lotus or, might they have been inherited from one of the

diploid parents of the hybrid (L. japonicus X L. alpinus)?

The answer to both of these questions appears to be né. Firstly, all
basic chrosposose numbers within the Loteae tribe are either 5, é, 7, or B
(Darlington and Wylie 1955; Grant 19864). Within the entire Papilionaceae
subfamily the lowest reported chromosome number is 5 which has also been
found in certain species of Vicia and Hedysarum (Darlington and Wylie 1955).
Secondly, no evidence exists for duplicatioﬁ of Pgi2 in any of the Lotus
diploid species that were examined during the course of this isoenzyme
study. The pollen phenotype of the diploid L. tenuis (109-21, see Fig. 7)
showed no hetercdimeric band, suggesting the presence of a single locus for

pgi2. Several accessions of the diploids L. tenuis, L. uliginosus, L.

japonicus, L. alpinus were examined for electrophoretic phenotype. The
resulfs will be reported elsewhere (Raelson and Grant 1987b). All
heterozyqotes among these species possessed three-banded phenotypes with
band density ratios of 1:2:1 for Pqi2 and 4Pgdht (faor IDH, four rather than

two, duplicated loci were found in the hybrids),

If the interspecific hybrids could not have inherited the duplications
from parental species, then the duplications must have arisen as a result of
the hybrid condition. In this context, it is interesting to note that
evidence for the initial duplication was found not only in the diploid

hybrids (2 loci for Pgi2, Mdh2, 6-Pqdhiiand four loci for Idhl), but also

for the artificial autotetraploid (L. japonicus)® (28) (four pqi2 loci) and in
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L. corniculatus (four Pqi2 loci), while in the aritifical autopolyploid (L.
alpinus)® (774x-35) segregation could be explained by a model with only two

PBI and MDH loci which would result siaply from chrososose dupllcatiqn. In
short, the duplications provide additional evidence that L. corniculatus is
indeed ; sageental allotetraploid, produced by a doubling of the chrososome
nuaber of an inturspe:;fic hybrid between two species whose genomes

possessed homoeologous chromosomes as was first proposasd by Séebbins {19500,

In order to develop this arguament, it is necessary to recall the
Qnrious models of autotetraploidy, allotetraploidy, and segmental
allotetraploidy., The classical codknpts ot auto- and allopolyploidy were
perhaps best expressed by Darlington (1937), These sodels are illustrated
in Fig. 26A ;nd B. Doubling of the homologous chromosomes of a diploid
species results in four homologous chromosomes and, therefore, a tetrasoaic
locus in the autotetraploid. A genomic allotetraploid results from doubling
the chromosomes of an interspecific hybrid whose paren;al speciesyare
phylogenetically remote so that bivalent formation between structurally
distinct chromosomes i{s greatly reduced. Chromosose doubling restores two
distinct sets of homologues, one homologue in each pair is a cupy‘of the -
other so that the resulting two disomic loci are honozygous for different

¢
allelic foras resulting in fixed heterozyqosity. Stebbins (1947) elabarated

on thase classical concepts by 1ntroducinb the idea of segmental alloploidy.

A segmental allotetraploid is derived from the doubling of chrososomes of an
interspecific hyﬁ}id between species that are phylogenetically close so that
their chromosomes retain a high degree of homology but which may diffnraby
saall structural changes (homoenlogy). Upon chromosome doubling, such

polyploids say display tetrasomnic or disosic inhc&{tanco depending on

4
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whether pairing is homogenic’ (between mxact homologues) or hotnrugcnici
’ ‘ |

(bp(ioln hosoeologues),

Hewe X5

An oxanplg of one pnssibf& sechanis# that can 9npliin how duplicated v
loci in the interspecific hybrid can be associated with segmaental
allotetraploidy follows (this sechanism is {llustrated in Fig. 266).
Chromosomal rearrangesent associated with speciation may have resulited in
structural differences bjtufon homoeologues of L. japonicus and L, alpinus,
These differences are\not enough to prevent pairing of houoeo}ogues in the
hybrid as the fertility of the hybrid attedts, A pericentric inversion, for
example, could rearrange the Egig_locﬁs along with adjacent chromosonmal
saterial, Unequaf crossinq aver within the tnve}sion would produce
duplicated as well as inviable deficient chromososes. Recombination would

produce viable progeny with two. chrosmosomes with duplications, and thus,

with duplicated Pqi2 loci. Doubling the chroi%sone number of these

ifndividuals uould(produce the segmental allotetraploid with either four

‘- disomic ar two tetrasomic loci. Subsequent diploidizati&n of the
allotetraploid would involve genetic factorslnuch as the Ph locus in wheat
that would lead to bivalent formation and disomic inheritance (Jackson
1982). This model applies by extension to L. corniculatus, since\ié also

displays duplicated Pgi2 loci though we do nat mean to imply that L. alpinas

e and L. japonicus were necessarily the diploidrparonts.

It might be objected that this aodel would explain the presence of two
- alleles in the interspecific hybrids and artificial -amphidiploid but that it
can not explain the presence of three distinct alleles in L. jagon{cus and

L. alpinus (23). In reply to this objection, we point out that the hybrid
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aaterial was d==:=nd;;?'fron parents reprasenting several distinct crossing

events (Somaroo 1970).

. Data concerning the meiotic regqularity of the’vari;hs taxa are
/;:;sented in Table 11, The diploid species are all neiotically regular with
no multivalents at diakinesis and MI and with high pollen stainability. The
interspecific hybrid has a such lower pollen viability but retains a high
level of bivalént formation which implies ; high degree of hoamology, and
therefore, supports the model of duplicated, linked, disomic inheritance.
Doubling the chromosome number of the hybrid increased fertility, but also
resulted in the formation of more amultivalents. Nith respect to pollen
stainability and weultivalent formation, the amphidiploid 1s similar to the

autotetraploid (L. alpinus)®. Tetrasomic loci within the amphidiploid are

possible, Lotus corniculatus has a nuch higher level of pollen stainability

and fewer nultivalents, This could reflect genetic diploidization since its
formation. Therrien and 6Brant (1984) {found tﬁg>4requency of quadrivalent
formation to be less than previously reported for this species suggesting
sone ﬁelection for increased diploidization had occurred, The aelotic datf

do not contradict the above hypothesis,

The evidence’ for eight allelic doses or four loci of Pgi2 in L: )
corniculatus is interesting with respect to previous reports of tetrasomic
1nh|r}tlnco in this species., As mentioned l;rliar, Dawson (1941) proposed
tetrasomic inheritance of cyanogenesis based upon observations of a 311 >
ratio of cyanogenic to acyanogenic progeny from the putative duplex X
nulliplex cross (ARaa X aaaa). He proposed that the nulliplex represented

the acyanogenic genotype. The ratio that Dawson examinad assuming the

doainance of cyanogenesis {s analogous to examining the ratio of all other

v
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genotypes ’b either of the homozygous genotypes for the codosinant Pgi2
alleles for the cross L. corniculatus (554-3 X Leo-1). These homozygous
genotypes are 80 or 0B in Table 10. For two tetrasomic loci undergoaing
randoms chromosone segr%gation the expected ratio to sither homozygote would
be 3611, for four independent disomic loci, the expected rati: would be

{611, while the ratios for the observed homozygote (80}, is essentially (and

perhaps coincidentally) the 311 ratio found by Dawsan.

Other workers have also reported tetrasomic inheritance for other
characters in L. corniculatus. ‘Perhaps the most stud1;d of these characters
is the brown vs. yellow color of the keel tips. Several studies determined
that the character was 1nherited in a tetrasomic.manner based upon the
observation of a low frequency of homozygotestto heterozygotes. However, in
soae crosses the frequency of homozygotes was even lower than that expected
froa tetrasomic inheritance. Hart and Wilsie (1939) proposed a second locus
beside that controlling keel-tip color that was lethal in the nulliplex
condition 1n order to explain the unusually low number of hoaozygotes,
Buzzell and Wilsie (1963) tested this hypothesis and found it to be
incorrect. They suggested that seiotic irregularities were the explanation

for the lower homozygote frequency as did Bubar and Miri (1945),

It is interesting to note that 1linkage anghg disoaic loci would be _
sufficient to explain the distortion of expected ratios if these loci are
present in four copies, as is the Pgi2 locus, rather than in the previously

assused two copies.




Acknowl edgaents

Financial suppqrt from the Quebec "Fonds pour la formation de
charcheurs et 1’aide 1a recherche" for a Postgraduate Fellawship to J. V.
Raelson, and an operating grant fros the Natural Sciences and Engineering
Research Council of Canada to W. F. Brant for cytogenetic studies on the

genus Lotus are gratefully acknowledged,

References

AYALA, F. J., D. f. HEDGECOCK, S. IUMWALT, and J., W. VALENTINE, 1973.
Beneti1c variation in Tridacna maximsa, an ecological analog of some
unsuccessful evolutionary lineages., Evolution, 271 177-191.

BUBAR, J. S§., and R. K. MIRI. 1965, Inheritanke of self-incospatibility
and brown keel tip in Lotus corniculatus L. Jature, 2031 1035-1036.

»

BU2ZELL, R. 1., and C. P. WILSIE. 1963. Benetic investigations of brown
keel tip color in Lotus corniculatus L. Crop Bci. 31 12B-130.

CARDY, B. J., C. W. STUBER, and M. M, BODDMAN. 1981. Techniques for starch
gel electrophoresis of enzymes from maize (lea mays L.). Institute of
Statistics Mimeographed Series No. 1317, North Carolina State University,

Raleigh, N.C. 31 pp. 5

CRAWFORD, D. J. 1985, Electrophoretic data and plant speciation, B8yst,
Bot, 101 405-416.

DARLINETON, C. D. 1937. Recent advances in cytology. 2nd. ed. Blakeston,
Philadelphia. &71! pp.

DARLINBTON, C. D., and A. P, WYLIE. 1953, Chromosome atlas of flowering
plants. Hafner, New York., 519 pp.

DAWSON, C. D. R, 1941, Tetrasomic inheritance in Lotus cornficulatus L. J.
Benet., 421 49-73,

/
FERNANDEZ, J. A., and N. JOUVE. 1987. Chromososal location of structural
genes controlling isozymes in Hordeum chilense. 1. é6-Phosphogluconate
dehydrogenase and malate dehydrogenase. Theor. Appl. Benet. 731 433-439.

GOTTLIEB, L. D. 1977, Electrophoretic evidence and plant systematics.
ﬁl’ln. HD- 30t. B‘rd‘ 643 161"180-

[4 -



BOTTLIEB, L. D. 1981, Gene number in species of Astereae that have
different chromosome numbers. Proc. Natl. Acad. Sci. U.8.A. 78:
3726-3729.

c

6OTTLIEB, L. D, 1982. Conservation and duplication of isozymes in plants.
Science, 2141 373-380.

P4
BOTTLIEB, L. D., and N. F. WEEDEN. 1979. 6Gene duplication dnd phylageny in
Clarkia., Evolution, 33: 1024-1039.

}
BRANT, N. F. 1986. The cytogenetics of Lotus fLeguminosael, J. Nat.
Hist, 201 1461-1465.

~

BRANT, W, F., M. R. BULLEN, and D. NETTANCOURT, de. 1962. The cytogenetics
of Lotus. I. Embryo-cultured interspecific diploid hybrids closely
related to L. corniculatus. Can., J. Genet. Oytol. 41 105-128.

JACKSON, R. C, 1982, Polyploidy and diploidy:| New perspectives on
chroscsome pairing and its evolutionary impligations. As. J. Bot. 69
1512-1523.

HART, R. H., and C. P, WILSBIE, 19359. Inheritance of a flower character;
brown keel tip in Lotus corniculatus L. Agron. J. 311 379-380.

KAHLER, A. L., and C. L. LAY, 1985, Benetics of electrophoretic variants
in the annual sunflower. J. Hered. 7631 335-340, .

KIANB, Y. T., and M. B. GORMAN. 1985, Inheritance of NADP-active
isocitrate dehydrogenase isozymes in soybeans. J, Hered. 76t 279-284.

MAY, B, 1980, The salmonid genome. Evolutionary restructuring following a
tetraploid event., Ph.D. Thesis., The Pennsylvania State University, State
College, PA.

0’ DONOUBHUE, L. 8. 1984. A study of seed dehiscence in the fenus Lotus
(Fabaceae) using interspecific hybridization and embryo culture. M. Sc.
Thesis, Macdonald College of McBill University, Montreal, Quebec, Canada.

0’ DONOUGHUE, L. 8., and W. F, BRANT, 1987. A study of seed dehiscence in
the genus Lotus (Fabaceae) using interspecific hybridization and emabryo
culture. Manuscript in preparation.

- '

DSTERBAARD, H., and B, NIELBEN. 198i., Cultivar identification by means of
isoenzymes. [. Benotypic survey of Pgi-2 locus in tetraploid ryegrass.
1. Pflanzenzuechtq. 871 121-132.

RAELSON, J. V., AND BRANT, W. F. 1987a. An isoenzyme study in the genus
Lotus (Fabaceae). [. Establishaent of experimental protocols. To be
submitted to Genonme. o

RAELSON, J. V., AND GRANT, W. F. 1987b. An isoenzyme stully in the genus
Lotus (Fabaceae). I[Il. Evaluation of hypotheses concerning the origin of
L. corniculatus using isoenzyme data. To be subaitted to Theo. Appl.
Benet. } B ‘

B

agont

o el T 3 e

-



RIDBWAY, 6. J., SHERBURNE, 8. W. and LEWIB, R. D. 1970, Pol}lorphisns in
the esterases of Atlantic harring. Trans. Am. Fisheries Soc. 99: 147-151,

RO8S, M. D., and JONEE, W. T., 1985. The origin of Lotus corniculatus.
Theor. Appl. Genet. 71: 284-288,

BCHUL Z-SCHAEFFER, J. 1980. Cytogenetics: plants, animals, humans.
Bpringer-Verlag, New York, Heidelberg, Berlin. 446 pp.

8OMAROD, B. H. 1970.. A cytogenetic study of interspecific diploid hybrids
and asphidiploids ln the genus Lotus. Ph.D. Thesis, McBill University,
Montreal, Quebec, Canada. 295 PP

8OMAROO, B. H., and W. F, BRANT., 1971, Meiotic chromosome behavior in
induced autotetraploids and synthetic amphidiploids in the L. corniculatus

¢9roup. Can. J. Benet. Cytol. 131 &43-471.

BOMAROO, B. H., and W. F. BRANT. 1972, Crossing relationships between
synthetic Lotus amphidiploids and L. corniculatus. Crop Sci. 12: 103-108,

BTEBBINS, B. L. 1947. Types of polyploids: their classification, and
significance. Adv. Genet. 1: 403-429,

&{EBBINS, 6., L. 1950. Variation and evolution in plants. Columbia Univ.

Press, New York and London. 443 pp.

TANKSLEY, 6. D. 1983. Gene mapping. In Isozymes in Plant Genetics and
Breeding, Part A. Edited by 6. D. Tanksley and T. J. Orton. Elsevier
8ci., Publ., Amsterdaam, New Yark. pp. 109-138.

TANKSLEY, 6. D., fﬂNIER, D., and C. M. RICK. 1981, Evidence for extensive
overlap of sporophytic and gametophytic gene expression in Lycopersicon
esculentym. Gcience, 2131 433-4335.

THERRIEN, M. C., and W. F, BRANT. 1984, Meiotic chromosome aberrations and
quadrivalent formation in Lotus corniculatus over four generations after
seed treatment with EMS. Cytologia, #91 27-32,

»
VALLEJOS, C. E. 1983, Enzyme activity staining., In Isozymes in Plant
Genetics and Breeding, Part A. Edited by 8. D. Tanksley and T. J. Orton.
Elsevier Bcience Publ., Amsterdasm, New York. opp. 469-516.

WARWICK, 8, I., and L. D. GOTTLIEB., 19835, 6Benetic diverqence and
geographic speciation in Layia (Compositae). Evolution, 39: 1236-1241,

WEEDEN, N. F. 1983. Plastid isozymes. In Isozymes in Plant Benetics and
Breeding, Part A, Edited by 8. D. Tankslny and T. J. Orton, Elsevier
Bcience Publ., Amsterdam, New York. pp. 139-156.

WEEDEN, N, F., and L., D. BOTTLIEB. 1979. Distinguishing allozymes and
isozymes of phosphoglucose isomerases by electrophoretic consparisons of
pollen and somatic tissues, Biochem. Benet. 171 287-296.




-y E s e s R o T A G I T LIt s oy 3
SRR W T R T AR O TR M NN SR ¢ T ¢ SR P
3 =% v A v o AR s v ¥ ot
\

WEEDEN, N, F., and L. D. BOTTLIEB.
fros pollen. Plant Physiol. b&:

WOLF, P. 6., C. H. HAUFLER, and E.

evidence for genetic diploidy in
Beience, 2361 947-94%9,

{M

1980, Isolation of cytoplasmic miyaes

400-403.

SHEFFIELD. 1987. Electrophoretic

76

‘
-

the bracken fern (Pteridfus aquilinum).

AR NPT AP ¥R o W

3
4
O
a4
3
Y
T

e




* FIGURE 1. Summary of phenotypes fdund by Ostergaard and
Nielsen (1981) for duplicated pgi2 loci in tetraploid
H

ryegrass. See text for further explanation.
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FIGURE 5. Observed iscenzyme banding phenotypes for PGM
for sporophyte L. Japonicus X L. alpinus (23; lane 1), and
for pollen soaked in extraction buffer (lane 2), and crushed
in extraction buffer (lane 3). (A) Photograph of zymogram.

(B) Graphic presentation of zymogram.
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FIGUORE 6. Observed isoenzyme banding phenotypes for TPI

for sporophyte L. ,japonicus X L. alpinus (28; lane 1), and

for polleﬁ soaked in extraction buffer (lane 2), and crushed

[

in extraction buffer (lane 3). Photograph of zymogram. .

(4)

(B) Graphic presentation of zymogram. )

’
B e

.
PRI

.
pon e AaL A

-
¥
=

ty
)
%!

S
e
&
g}:,

-
.

N
3

s

.

kN

i

s
3L
%

W f
o - ¥
g

D v ]
em o VBl e Fraye LA,




E

> gy
- ‘ib p

’

RELATIVE MOBILITY

»

'5”'1 - :\J ,’
2 R
™ ¥
. .
: .
r
‘
.
140-
-
100+ o
-
80-
:
- :
20-
L B I L) L LI}

T '
s [t M

RN ~ah
Rl P B LN
AN P
S0k e

[
'
L) 1}
.
\
B
2w
4
.
.
Lt o S

. LY - €Y Mier 3
o T e ETRE ey
BOGIFLTRY p e
~i Ve e
, LT
,
ViU
N -
‘ 1
)
o2
{ ’
.
.
¥
.
-
’
Ll
i
- ’




>~ FIGURE 7. Observed isoenzyme banding phenotypes for PGI
for various/sporophytes and for pollen crushed in extraction
buffer. Lane’l, L? tenuis (109-2i) standard; lane 2,

/ sporophyte of L. tenuis (109-20); lane 3, pollen of

| L. tenuis (108-20), lane 4, sporophyte of
L. j&gonigus X L. alpinus (23)5 lane 5, pollen of L.
japonicus X L. alpinus,(23); lane 6, sppfophyte (L.
alpinus)® (774x-5); lane 7, pollen
(L. alpinus)® (774x-5). (AY Photograph of zymogram. (B)

Graphic presentation of Zymogram.
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FIGURE 8. Observed isoenzyme banding phenotypes for PGM
. ‘ / :
for digloids L. burttii (accession number 303; lanes 2 to

—3

5), L. ornithopodieides (accession number 100; lanes 7 to
11), and for the interspecific hybrid L. burttii X L.

‘ornithopodioides (lane 8). Lane 1 is L. tenuis (109-21)

which is used as a standard. (A) Photograph of ‘zymogram.

(B) Graphic presentation of zymogram. .
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for diploids L. alpinus (accession number 77; lanes 1 to 5},
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. for the interspecific hybrid L. alpinus X .
L. conimbricensis (lane 8). Lane 11 is L. uliginosus :’
(193-52) which is used as a standard. - C . ({

(A) Photograph of'zymogram. (B) Graphic presentation of
zymogram. ) : \
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FIGURE 10. Observed, isoenzyme banding phénot:ypes from

-

- . PO
'selfing the interspecific hybrid L. japonicus X L. alpinus
(23). (A) Photograph of representative zymogram. (B) "

Graphic presentation of zymogram. Lane 1, L. tenuig

© (109-21) standard; lanes 2 and 13, L. japonicus X L. alpinus . a

ol

(_23); lanes 3 to 12, i:rogeny; dane 14, L. uliginosus

1
b

A ,
(193-52). standard. (C) Summary of observed occurrence of : Ve

r

. f
- AT i

S various progeny phenotypes.
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- 81 owj 8”;'PGI-52, tpe slowest or most cathodal allele).
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FIBUREOII. Disomic genetic model for segregation of

duplicated PGIL alleles in progeny from selfing the

interspecific hybrid L. japonicus X L. alpinus (23). The .
/ .
expected frequencies and genotypes are those that would be .

Q

p(oduced if two 1ndependent‘disomic loci, heterozygous for
three distinct alieleq (F/M-and F/S), were segregating.
Chi-square analysis indiiateé that the observed values g'
correspond to each locus occur in the expected Mendellian o
1:211 ratio, but that the two loci are not independent.  See

tex? for further explapation. °

(F = PBI~72, the fastest or nost anodal allele; M = PGI-62,

“%

the. allele that migrates to the middle between fast and A
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FIGURE 12. Observed isoenzyme banding phenotypes for PGI ~

for progeny from selfing the interspecific hybrid L. .
jeponicus X L. alpinds (28). (A) Photograph of

rep§esentative zymogram. = (B) Graphic presentation of

zymogram. Lgmmr1¥ L. tenuis (109-21) standard; lanes 2 and

18, L. Jjaponicus X L. alpinus (28); lanes 3 to 17, progeny;‘

lane 19, L. uliginosus (193-52) standard. (C) Summary of :’

observed occurrence of various progeny phenotypes.
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FIGURE 13. Observed isoenzyme banding phenotypes for IDH
from selfing the interspecific hybrid L. japonicus X L.
alpinus (232. (A) Photograph of r;éresentative zymogram.

(B) Graphic presentation of zymogram. Lane 1, L. tenuis
(109-21) standard; lanes 2 and 23, L. Jjaponicus X L. alpinus .
(23); lanes 3 to 22,‘progeny; lane 24, L.Iuljginasus ‘
(193-52) standard. (C) Summary of observed occurrence of

o

various progeny phenotypesf
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FIGURE 14. Observed isoenzyme banding phenotypes for MDH

for progeny from selfing the interspecific Hybrid L.
japonicus X L. alpinus (28). (A) Photograph of
representative zymogram. (B) Graphic present;tion of
zymogram. Lane 1, L. tenuis (109-21) standard; lanes 2 and
23, L. japonicus X L. alpinus (23); lanes 3 to 22, progeny;
lane 24, L. uliginosus (193-52) standard. (C) Summary of

observed occurrence of various progeny phenotypes.
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FIGURE 15.
6-PGDH for progeny from

- japonicus X L. alpinus (28).

representative zymogram.
Zymogram.

13, L. Jjaponicus X L.

% lene 14, L. uliginosus (183-52) standard. (C) Summary of

Observed isoenzyme banding

phenotypes for >
selfing the interspecific hybrid L.
{A) Photograph of .

(B) Graphic presentation of

Lane 1, L. tenuis (109-21) standard; lanes 2 and

alpinus (28); lanes 3 to 12, progeny;

observed occurrence of various progeny phenotypes.
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FIGURE 18. Models for independent segregation of disomic
loci for PGI and 6-PGDH for progeny from selfing the
interspecific hybrid L. Jjaponicugs X L. alpinus (28). The
expected genotypes and frequencies are those that would be
produced if two independent disomic loci were controlling
the phenotypes fof the two enzymes. Chi-square analysis
indicates 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; 6-PGDH alleles: F =
fast, 6-PGDH-118; S = slow or most cathodal, 6-PGDH-100).
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FIGURE 17. Models for independent segregation of disomic

loci for MDH and 6~-PGDH for progeny from selfing the
intérspgcific hybrid L. japonicus X L. alpinus (28). ,Tbe
expected genotypes and fr;quencies aré’those that would be
produced if two independent disomic loci were controlling
the phenotypes for the two enzymes. Chi-square analysis

, indicates no significant differences in observations, from
that expected under such a model. (MDH alleles: F = fast,

MDH-82; S.= slow, MDH-66;, 6-PGDH alleles: F = fast,

6~PGDH = slow, 6-PGDH-100; ).

F oy
it

L

e

£
L e

PTG

~

%




=
=

HEET . K to - . vt ’ . . N
3 :»é!ﬁ&, AT 5 (I v, . - . ) . ' . . o

PR [N
¢
3 ! ' “ . s b
1‘“&%’ St | - ! 5 ’ n i B W ' L
’ ¢ . \ ” 2
> - N * ' ' N . N : N . Ty
3

o
\

.
17
.s&?rei}‘ :

3
L
o - . : . . . - . ' Y
o : . A
- =1
@ ‘ ' . MDH3 ,
. -

0y

AT

5 ‘ L -
;,%ﬁ . (?) FIF (7) FIS. (?) 818 - \ :
52’:&“‘( ’ Y " T o L
& I F/FE 8/s | F1s  sis | 818 FiF P
) - - &
M - | - - R
(ss8) 8/3 T ’ , ‘
Y 0B8S. 4 14 ) T 26
- - > 1
" {  EXP. 5.3 ' . 10.8 . 83 71.2
4 i
o FIF s/t | F/s  s/F | 8/8  SIF
‘ - - - - 0
® © o -» L
p - @ @ D @ ®
Q
O (s/5) SIF .
. L oBs. 9 19' 10 38
o L3
i EXP. 10.8 21.3 ! 10.8 42.5
ﬁ ‘| FIF FIF | FIS F/F | 8/s 8IS
. - - - - ol
L D L L L .
v - - <P - @ -
¥
(S/8) FIF & ' .
’ 0BS] 4 Wy 18 4 21
: g .
. EXP, 8.3 10.8 52, 21.2
: , ) ‘ ' _
oss. - 17 ‘46 22 /
- . a 85
- "EXP, 21.2 A2.8 21.2
SR . . |
e CHI-SQUARE 1: MDH3 1:2:1, 2 D.F., 1.151 N.S. oL
1 o
d ) CHI-SQUARE 2 : 6~PGDH 1:2:1, 20.F., 1.565 N.S. ,
‘ ( D 8- . ENTLY, 4D.F., 4.490 N.S
CHI-SQUARE 3 : MDH3 AND 6-PGDH1 SEGREGATE INDEPEND TLY, 45

v ‘ ¢
1
Y 1
- - ] i
i 13
2 ’
1" ‘
! :
- ot
‘ : : , o Fo SNt e
. L K A L L NN 2t FNE P LR U




FIGURE 18, Models for independent ssgregation of disomic

loéi for PGI and MDH in the selfed interspecific hybrid L.’ ’

japonicus X L. alpinus (28)._ The expected genotypes and * .
I K]
frequencies are those that would be produced if two ; y Lo
» ¢

indepegden’c disomic loci were controlling the phenotypes for
{ +_the two enzymes. Chi-square analysis indicated no
sign‘ificant differences in observations from that expected
under guch a model. (PGI alleles: F = fast or most anodal, a
PGI-72; M = middle, PGI-62; MDH alleles: F = fast, MDH-82;

. S = slow, MDH-86).
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FIGURE 19. Observed isoenzyme banding phenotypes for PGI
for progeny from selfing the artificial allotetraploid (L.
Jjaponicus X L. alpinus)2 (28). (A) Photograph of
representative zymogram. (B) Graphic presentation of
gymogram. Lane 1, L. tenuis (109-21) standard, lanes 2 and
23, (L. japonicus X L. alpinus)® (28); lanes 3 to 22,
progeny; lane 24, L. uliginosus (193-52) standard. (C)
Summary of observed occurrence of various progeny

phenotypes.
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FIGURE 20. Observed isoenzyme banding phenotypes for MDH
for progeny from selfing the artificial allotetraploid (L.
 Japonicus X L. alpinus® (28). (A) Photograpb of
represgntative zymogram. (B) Gra;hic presentation of
gymogram. Lane lf L. tenuisg (109-21) standard; lanes 2 and
23, (L. japoQicus X L. alpinug)2 (28); lanes 3 to 22,

progeny} lane 24, L. uliginosus (193-52) standafd. (C)

Summary of observed occurrence of various progeny

phenotypes.
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FIGURE 21. Observed isoenzyme banding phenotypes for PGI

for progeny from selfing the artificial autotetraploid (L. :

- alpinus)® (774x-5). (A) Photograph of representative . )
zymogram. (B) Graphic presentation of zymogram. Lane 1, L.
. tenuis (109-21) standard; lanes 2 and 18, (L. alpinus}® .
(774x-5); lanes 3 to 17, progeny; lane 19, L. uliginosus .
(193-52) standard. (C) Summary of observed occurrence of
various progeny phenotypes. ; :’
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FIGURE 22. Observed isoenzyme banding phenotypes for MDH -
for progeny from selfing the artificial autotetraploid (L.
alpinus)® (774x-5). (A) Photograph of representative
zymogram. (B) Graphic presentation of zymogram. Lane 1, L.
tenuis (109-21) ftandard;vlanes 2 and 18, (L. alpinusg)® o
(774x-5); lanes é%to 17, progeny; lane 19 L. uliginosus
(193-52) standard. (C) Summary of observed occurrence of

various progeny phenotypes.
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FIGURE 23. Isoanzy}ne phenotypes for Lotus corniculatus
(554-5) and cultivar ’Leo’ (Leo-1) used as parents in a test

cross for PGI and MDH.
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FIGURE 24.* Observgd isoenzyme banding phenotypes for PGI
for progeny from a test-cross of Lotus gornic¥1atus (554-5)
X ’Leo’ (Leo-1). (A) Photograph of representative (
zymogram. (B) Graphic presentation of zymogram. Lane 1, L.

tenuis (109-21) standard; lane 2, L. corniculatus (554-5)

standard; lanes 3 to 11, progeny; lane 12, Leo-1; lane 13,
L. uliginosus (193-52) standard. (C) Summary of observed

occurrence of various prodeny phenotypes.
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FIGURE 25. Observed isoengyme banding phenotypes for MDH
for progeny from a test-cross of the artificial
autotetraploid (L. alpinus)? (774x-5). (A) -Photograph of
represé;tatiQ% zymogram. (B) Graphic presentation of
zymogram. Lane 1, L. tenuis (109-21) standard; lanes 2 and
18, (L. alpinus)2 (774x-5); lanes 3 to 17, prodeny; lane 19,
L. uliginogsus (193-52) standard. (C) Summary of observed

occurrence of various progeny phenotypes.
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FIGURE 268. Models of various types of tetraploidy. A.
The classical concept of autotetraploidy producing a
tetrasomic locus. B. The classical model of allotetraploidy
producing dqplicatgd disomic loci. C. Possible model for
segmental allotetraploidy. Chromosomal rearrangement such
as a pericentric inversion leading to displaced loci in
homoeologous chromosomes. Unequal crossing over may result
in a dgylication deficiency. Deficient chromosomes are
inviabie so that viable progeny contain homologous
duplicatéd chromosomes. Subsequent doubling may lead to
eight allelic doses of the locus in an allotetraploid.

Genetic factors may determine whether loci segregate in a

disomic or tetrasomic manner.
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TABLE 1. Taxa of Lotus used in this study along with their accession nusber, genotype, use, and source [ ‘ :j

Taxon Accession  Benotype  Use Bource i

nusber

L. alpinus n sevral hybrid and See Brant et al. (1982)

Schleich, parsntal
species

(L. alpinus)® Ta 3 pollen and Artificial lutot'otnploid {Soaaroo and
selfed progeny  Grant 1971)

§
L. alpinus b (77 1 126) b hybrid and Artificial interspecafic hybrid
L. conisbricensis parental (0’ Donaughue and Grant 1987 (":' .
species
' &

L. burttii 8z, Borsas 303 several  hybrid and Royal Botanic Bardens, Edinburghj
parental Collectort B. L. Burtty
species Origin, Peshawar, Pakistan

L. burttii Bz, Borsos (303 X 100) | hybrid and Artificial interspecific hybrid

I L. ornithopodioides L. parental spc(iu (0’ Donqughue and Grant 1967)

L. conisbricensis Brot. 124 severtl  hybrid and Cosaonwealth Scimntific and Industrial
parental Research Organization, Canberra,
species Australiaj Origin: Portugal

L. corniculatus L. 354 ] progeny of cross  Plant Introduction Center, lzair, Turkey; ;

(554-3 X Leo-1) Drigins Saasus, Turkey, No. 1463-64

L. corniculatus L, tv. 'Leo’ 1 progeny of cross  Cultivar developed at Macdonald College
{334-5 § Leo-1) by J. 8. Bubar 1963

-~

-

!

L. japonicus (Regel)

Larsen X L. alpinus 129 X 7 23 ~ pollen and artiticial interspecific hybrid (Somargo
28 progeny froa and Grant 1971)
selfing
/ . vos TRBLE 1 Cont’d, /
~ i
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A TARE 1. Cont'd.
&
Tazon fccession Genotype  Use Source
nusber
(L. japonicus X uwIrm = pollen and Artificial asphidiplord (Somaroo
L. alpinus)? i progeny froa and Brant 1971)
selting '
L. ornithopodivides L. 100 several  hybrid and Cossonwealth Scientific and Industrial
parental Research Organization, Canberra,
species hustralia, C.P.1. No, 1732,
. Collsctor: J, F. Nilesj Origin, Tunisia
- \
N L. tenuis 109 2i staodard Australia, C.P.I. No. 23788,
( ) Waldst. ot Kit 2 polien Originy Turkey
L. uliginosus 193 32 standard rvice de 1a Recherche Agronoaique
Schkuhr ot de 1"Exparisentation Agricole,
Rabat, Morocco
' -
&
K
| I
'
L 2
s}
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. ) R TABLE 2. Disosic and tetrasomic models of allele segregation for selfed
genotypes with various/dupliut'd loci. F = fast, most anodal, 8 # slow, &
most cathodal, N = medius, ‘ ¢ o
......................... o e e e e e e »
Disomic, 2 alleles Disomic, 3 alleles '
FE nu ]
88 1 2 1 F8 1 2 1
* FF F8 88 FF FM MM
1 1 2 i 1 2 |
1 FF  FFFF FFF8 FFS8 1 68 FF8§5 FMSE  MMSS
2 4 2 2 4 2
2 FS FFFS8 FFB8 FE88 2 M8 FFHS8 FMMB  MMNMS \
1 2 i 1 2 g
~ i 88 FFSS8 F585 B865 1 MM FFMM FMMM  MMMM
h & [ 3
Q’ Tetrasosic chroansoae segregation
Duplex sodel FFS Triplex model FFFS
1 4 | i i
: FF FS§ 88 FF F§
: 1 | 4 - i 1 |
{ FF  FFFF FFF8 FFS8 { FF FFFF FFFS ,
2 16 2 2 1 1 :
2 F6 FFFB FFSS F888 i1 F8 FFFS FF&8 :
'l \
; | 4 i
{ 88 FFB8 . FB88 6888
A
- | '4‘
--------------------------------------- = ;
: u TABLE 2, Cont’d. g
/
o ¢ "
} 3
»zéié

- SR PRI - - ——
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TABLE 2, Cont’d.

L L LT LT YL T Yy

LD LD DL L L LY L T T 2 LT Ty P Y T T Y Y ¥ Ty

-

~  Tetrasomic chroaosoae

segregation

3 alleles FFMS

7] l 2 2
\ FF FFFF FFFN  FFFS

2 4 4
2FM  FFFN  FFMM  FFMB

2 4 A
1 F8  FFF8 FFMS FFSB

| 2 2
1 W8 FFMS FMMS  FMSS

[ 4

.
Tetrasosic chromatid
sagregation
Duplex mode] F88

3 8 3
FF F8 Gl
9 24 9

3 FF  FFFF FFFS FFS8
24 b4 24

B F8 FFFS FF88 FB858
9 24 9

188 FFSs F588 5588
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TABLE 3. Expected distribution of progeny genotypes for selfed plants with '
variods levels of independently seqregating duplicated disomic loci. F = ;
fast, sost anodal, 8 = slow, most cathodal, N = sedium.

e
Parental . No. of
genotype genotypes
F <:) ! locus, 2 alleles 3
§

Ratio }(11) 1 2 1
Benotype 20 {1 02
~ (F8)
\ A0, 2 tndependent loci, 2 alleles 3
g §
_ Ratio (22) 1 4 6 4 1
\
Senotype . 40 It 22 13 04
N (F8) . |
o .
FEE (X 3 independent loci, 2 alleles 7
8§88
Ratio (33) 1 6 15 20 15 & 1|
¥
Senotype 60 St 42 3 24 15 06
(F8)
FFFEF (X 4 independent loci, 2 alleles 9 .
§888
Ratio (44) 1 8 28 S 70 56 28 8 | '
Benotype 4 B0 71 42 53 Ab 35 26 17 08 s
(F8) ) ‘
FE (:) 2 independent loci, 3 alleles 9
M8
Ratia  (211) 1 2 1 A 2 1 2
Benotype 400 301 202 " 211 112 220 121 022
(FNB)
------------“----------A ----------------------------------------------- -
°) TABLE 3, Cont’d.
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4 TABLE 3, Cont’d.
‘No. of
genotypes
MH KM (X 4 independent loci, 3 alleles 25
FFBS
Ratio (242) i ¢ 4 b 16 & & 24 24 4 1
Genotype 800 710 701 420 6lf\Q02 530 521 512 303 440
, (FHS)
Ratio 16 36 16 1 4 24 24 & b 14 2; 4 4 1 r
Banotype 4331 422 413 404 341 332 323 314 242 233 224 143 134 044
(FH8) Iy
e et e e e
o
3
¥
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TABLE 4, Expected distribution of progeny genotypes for selfed plants with
various types of segresgating tetrasomic loci. F = fast, most anodal, 8§ =
slow, sost cathodal, N = aediua.
Parental No. of
qenotype genotypes
FF8S | duplex tetrasomic locus, 2 alleles 5
(22) chrososome segfegation
Ratio i 8 i 8 1
Genotype 40 31 22 13 04
(FS)
FFB88 { duplex tetrasomic locus, 2 alleles 5
(22) chromatid seqgregation
Ratio 9 48 b4 48 9
Genotype 40 ' 31 22 13 04
(F8)
-
FFF8 “1 triplex locus, 2 alleles 3
(31) chronosone segregation \
Ratio Jd 2 1
Benotype 40 3 22
(F8) | .
..... ‘-—--—---’--—-—--—--—------—----—--—----—--——-----—-—---------—-------
FFFS (:) | triplex tetrasomic locus, 4 frequent
(31) 2 alleles, chromatid segregation
Ratio 225 3460 174 24 {
[
Benotype 40 31 22 13 04
{(Fb) -

TABLE 4, Cont'd.
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.
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TABLE 4, Cont’d. )
Parental No. of
genotype genatypes
FFB8 2 independent duplex tetrasoaic 9
(:) loci, 2 allelesjy chromosome segregation
FFSS
(44)
Ratio 1 16 100 304 454 304 100 14 1
Benotype 80 71 62 53 44 35 26 17 0B
(F§) .
&
FFMS <:2 ! tetrasomic locus, 3 alleles 9
{211) chromosoae segregation
Ratio 1 4 4 4 10 4 4 4 !
Benotype 400 310 301 220 211 202 121 112 022
a
(FHB)
---------- b v o o o o e Y o O . P B e Y - " SS n o e WS e S e
et
.
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TABLE 5. Models for tetrasoaic segregation of duplicated Pgi loci for
selfed L. japonicus X L. alpinus (23)

e . S A0 S D T WD S G S G S T S AR TP B T W S G R R P G P TN G e T D G R e W G G S S S Y W W WD A D AL ew D W A WS e e

............. e e e S LR LR PR PSR P e R e
Y
Parent L. japonicus X L. alpinus (23)
Pei2-72 Pgi2-72 Pgi2-62 Pgi2-52 §eMed
{FFMS or 211)
Genotype 400 310 301 220 211 202 121
Observed 3 7 4 9 26 7 b
Expectede,®
chromaosone
segregation 2.2 B.3 8.3 8.3 21 8.3 8.3
Expected=s, )
chronatid R
segregation 3.5 9.4 9.4 7.4 17.2 7.4 7.8
‘Benotype 112 130 022 031 013 040 004
Observed 12 0 >/ ! 0 0 0 0
Expected
cthromosome
segregation 8.3 0 2,2 0 0 0 0
\
) Expected
chromatid
segregation 7.8 1.6 1.7 0 0.8 0.1 0.1
*All expected categories less than 5.0 were lumped.
bChi-sruare,t chromosose segregation, & df = 6,207, NS
“Chi-squarez: chromatid segregation, 6 df = 13.722, §
"
o NG = not significant at P = 0.05; S = significant at P = 0.05,
’ i A
r 3:\&
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TABLE &, Benstic sodels for duplicated IDH loci for selfed (L. japonicus X
L. alpinus) 23.° All expected categories less than five have been groupad
for Chi? galculation. y
Banotype 80 71 62 33 44 35 24 £7 08
(FB) _
Observed 0 0 b} 8 10 26 8 9 v 3
Expected for
J disoeic loci O - 0 1 6.5 16,2 21.6 14.2 6.3 1
segregating 1
Chi? 5 df = 1A 035**
one duplex 0 0 0.5 4,8 14,8 24,8 16,8 ~ 4.8 0.5
( T tetrasonic
S locus and ’
one triplex
. locus, chromosose Chi2 § df = 29.033***
segregation
3§
duplex and 0 0.3 1 6.9 18.1 19.3 19.8 2,4 1.2
simplex loci,
thromatid
segregation Chiz 4 df = 90,4632%**

" - . - YT A0 > B W UGS e i Y D W Y e Y G T R A D AP A D St G W L R S = - S Y W A A G T S G Em G W Em A

ssgignificant at p <0,01.

; ***Bignificant at p <0.001.,
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TABLE 7. Benetic modeis for segregation of PGI loci in the artificial @

« ~
allotetraploid (L. japonicus X L. alpinus}®. All expected categories less

than five (underscored) havg been lusped with adjacent category for ChiZz

calculation.
Phenotype number 1 2 3 4 ] 6 7
Observed 2 8 22 33 26 15 7

- W W m e E = m Em o M ®m o W @ m ® e Em o e W™ m E ® W W G @ = w W m e e @m o~ -

Expected for

Three independent
disoeic loci 1.8 10,4 26.5 35.3  24.5 10.4 1.8

Chi2 4 df = B.91 NS
Dne duplex locus

chrososome
segregation 3 phenotypes

One duplex and one

triplex locus,

chromosose. .
segregation 0.7 7.3 25.7 43.5  25.7 7.3 0.7

Chi* 4 df = 2B8.9°**
Duplex and simplex

loci, chromatid
segregation ) 9 phenotypes

Two duplex loci 9 phenotypes

LT TP T L LT Y X R kel ek W --- 0 D D P B A S R R AR e G YR D G e W S D R WD L S G G RS

NS = not statistically significant.

*sBignificant at p <0.01.
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TABLE 8. Benetic sodels for segregation -of MDH loci in the artificial

allotetraploid (L. japonicus X L. alpinus)=,

S s m s M Y Ge A P WD M G e G e e Be S e W T G R R e Y R My W R o S e R e o SR e B G 4 R W WS 4R Gm A v M R T Y T e e T e R YR D B G e e A

- G o S Y P W T - e A A M e N R e ER R e A T W A G e e e S S A A e Ak e B NS S A e W e o e R e e e e e en e .

Benotype {7) 40 {?) 31
(F8)
Obser ved 3 24

Expected for

Two disoaic
loci 7 268

Chiz

Tetrasomic locus,

chromosose
seqregation 3 25
Chiz
Tetrasomic locus,
chromatid .
segregation b 30
Chi?

42

4 df = B.1B N§

356

4§ df = 1.9 NS

28

25

30
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TABLE 9. Benetic models for duplicated PBI loci in artificial autotetraploid

(L. alpinus)*. Categories u}th expected values less than five (underscored)

have been grouped together for calculation of ChiZ. .

Benotype 202 130 220 214 121 112 031 022 040 Other
(FM8)

Observed 0 1 4 2 3 28 16 16 12 5 0

______________________________ b e e e = 2

Expected for

Two 6.0 11,8 6.0 11.8 23.8 11.8 4.0 11.8 6.0 0
independent
disomic loci | Chiz B8 df = 32,24°*°*
tetrasomic 2,7 10.5 10.5 ldﬁi 26.6 10.5 10,5 10.5 2.7 0
locus \
thrososoae
segregation Chi? 7 df = 15,62
tetrasomic 2,2 1t.6 9.2 9.7 21.3 9.7 11.b 9.2 4.4 5.3
locus
chrjonatid
seglegation Chi2 8 df = 24.79***
*Significant at p (0.085.
*s%gignificant at p <0.001, ﬁ\
— \
g
\ .
e t

«?




TABLE 10. Genetic sodels for sagregation of P8I 16ci in progeny of cross L.

cornicul atus (Acc. no., 354-5) X cultivar 'Leo’-1. Categories with axpected

values less than five (underscored) have bsen grouped together for

calculation of Chiz,

| $54-5 qametes 40 31 22 13 04
(F M)
Leo-1 gametes ' 40 40 40 40 40
(F M) ]
' , g
Progeny genotype BO 71 b2 33 : 44
(F M) |

Expected for

Four independent

disoaic loci 4 16 24 16 4
s ; Chiz 3 df = 18,463***
L {
Two tetrasoaic
duplex loci,
chromosone .
segregation 1.8 14,2 32 - 14.2 1.8
Chiz 3 d¢ = 75.00°%*"*
TWo tetrasomic / l
duplex loci, )
chromatid ‘
segregation 2.9 15.7 26.8 13.7 2.9
ChiZ 3 df = 35,29°¢+**
7

- S WD G . > o D B - OB B S G SR WS YD e SR S G D . D R D B Gn S D S T A P W W R e e Y D e G R OB P AP A W GRS s A

sesgignificant at p <0.001,

[N
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TABLE 11, Meiotic regularity of various taxa used in this study ‘ ﬁ
%
Tazon Accession ~ Diakinesis and MI  ° Anaphase I Pollen Bource ?
nusber }4] 1's as stainability K
(1)

II's I's Vs Il's Dridges Laggards

>

L. alpinus n 90.3(8 1,62 0.0 97.58 0.0 3.42 67,19 / (l)"’
{L. alpinus)? g 74,03 13.68  10.83 44,00 0.0 33.00 44,57 1, 2
1
L. corniculatus L. 334 91.98 193 3.2 87.27 - 1.7} 78,81 (l,)) o
% L, japonicus 129 99,02 0.98 0.0 99.84 0.0 0.3 94,43 1) -
L. japonicus 12977 9%.13 253 0.93 9f.11 L7 S.19 26,717 (1, 2)
I L. alpinus
/
(L. japonicus X (129X 7702 8473 683 9.4 5429 16,43 29.9% .5 {1, 2
L. alpinus)?
L. tenuis 10? 9.23 077 0.0 991 0,0 3.08 82.41 {1)
180aaroo (1970) :
2Gosaroo and Grant {1971)
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Bummary. An isoenzyse survey was conducted for several geographically

dispersed accessions of four diploid Lotus species, L. alpinus Schleich., L.

japoRicus (Regel) Larsen, L. tenuis Waldst. et Kit and L, uligiﬁbsus
8chkuhr, and for the tetraploid L. corniculatus L., in order to ascertain
whether isoenzyse data could offer additional lvidnnceﬁconCaning the origin
of L. corniculatus., Seven enzyme systeas were examined using horizontal
starch gel electrophoresis. Thess were PBI, TPI, MDH, IDH, PB;, 6-PEDH, and

ME. Lotus uliginosus had monamorphic unique alleles, that were not found

within L. corniculatus, at 7 loci. These loci and alleles ares Tpil-112,

Pgal, 2-110, Pgm3-82, Mdh3-48, 6-Pgdhi-110, &-Pqdh2-98,95, and Me2-100.

Other diploid taxa contained alleles found in L. corniculatus for these and

other loci. The isplications of the isoenzyme data to theories on the

origin of L. corniculatus are discussed.

Key words: Lotus corniculatus, Lotus species, Fabaceae, interspecific

hybridization, isozymes, isoenzymas
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Introduction

?

This is the third pihcr in a llr§|| resulting fros an isoenzyse study of
several species within the genus Lotus, Previous papers &escribed the
experimental procedures (Raelson -and Grant 1987) and the results of a study
of segregation of isoenzyae alleles in interspecific hybrids, in arti*ﬁi{;l
allo- and autotetraploids, and in L., corniculatus (Raelson et al, 1987)., In
this paper is reported the findings of a-survey of isbenzyme loci for four
diploid species, L. alpinus Schleich., L. japonicus (Reqel) Larsen, L.
tenuis Waldst, et Kit and L. uliginosus Schkuhr, and for the tetraploid L.

corniculatus L. , ~

Each of the four diploid species have been proposed as possible
ancestors for the tetraploid species by various authors. Dawson (1941)
proposed that L. corniculatus was an autotetraploid of L. tenuis, while
Larsen (1954) proposed that it was lﬁ autotetraploid of'g, alpinus., The
artificial autotetraploids of these species have been produced (De Lautour
et al, 19785 BSomaroo and Grant 1971a) and they do not ;esen@?e L.
corniculatus in morphology or fertility.” In addition, the authors have
provided evidence of gquadruplication of Pgi2 loci in both the artificial
allotetraploid (L. japonicus X L. alpinus)? and in L. corniculatus that was
not found for the artificial autotetraploid (L. alpinus)®. This fact

suggests that L. corniculatus is indesd an allotetraploid.

~

Others have also suggested that L. corniculatus is a segaental

allotetraploid (8tebbins 1950). Somarod and Brant (1971b, 1972) proposed

that L. gagonicu: and L. alpinus could be ancestral species based upon the
flctvtﬁ the artificial amphidiploid (L. japonicus X L. alpinus)? can be
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Introduction

This is the third paper in a sorioswrlsultinq from an 1soen:}|e study of

several species within the genus'Lotus. Previous papers described the

experimental procedures (Raglson and Brant 1987) and the results'n¥ a study

of segregation of isoenzyne alleles in interspecific hybrids, in artificial

allo- and autotetraploids, and in L. corniculatus (Raelson et al. 1987). In

this paper are reported the findings of a survey of isoenzyme loci for four .
diploid species, L. alpinus Bchleich., L. japonicus (Regel) Larsen, L.

tenuis Waldst. et Kit and L. uliginosus Schkuhr, and for the tetraploid L.

corniculatus L.

‘Each of the four diploid species have been proposed as possible
ancestors for the tetraploid species by various authors. Dawson (1941)

proposed that L. corniculatus was an autotetraploid of L. tenuis, while

Larsen (1954) proposed that it was an autotetraploid of L. alpipus. The
artificial autotetraploids of these species have been produced (De Lautour
et al. 1978; Somaroo and Grant 197fa) and they do not resemble L.

corniculatus in sorphology or fertility. In addition, we have provided

evidence of quadruplication of Pgi2 loc1 in both the artificial

allotetraploid (L. japonicus X L. alpinus)® and in L. corniculatus that was
not found for the artificial autotetraploid (L. alpinus)®. This fact

suggests that L. corniculatus is indeed an allotetraploid.

3

Others have also suggesteg that L. corniculatus is a segmental

allotetraploid (Stebbins {950). Gomaroo and Grant (197in, 1972) proposed
that L. jeponicus and L. alpinus could be ancestral species based upon the

fact that the artificial amphidiploid (L, japonicus X L. alpinus)? can be

!
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easily crossed with L. corniculatus producing progeny with high fertility
and a high degree of meiotic regularity. Recently, Ross and Jones (1985)
reviewed the probles of the ancestry of L. corniculatus and proposed that

either L, alpinus or L. tenuis could be the maternal parent of the original

hybrid, since both species matched L. corniculatus for Rhizobium specificity
which is known to be inherited maternally. They also proposed that L.
uliginosus was the pollen parent based upon the fact that this is the only

other species in the L. corniculatus group that possesses tannins and upon

the fact that this species is similar to L. corniculatus for certain

phenolics.

The isoenzyse data provide a new, previously unavailable approach, f{for
examining this problem. Previous studies have successfully used 1soenzyme
data to verify or discount theories of ancestral origin for species that had

been based upon morphological or cytogenetic findings, These 1nclude such

species as wheat (Nakai 1981), Talinum teretifolium (Murdy and Carter 1983)

and Tragopogon mirus (Roose and Bottlieb 1974) to give but a few examples.

The power of isoenzyne data to test such hypotheses 1s derived from the
fact that an allotetraploid or hybrid species will display hybrid phenotypes
for)any of the codominant alleles that differ between true ancestral
species. Alleles which are differéntlally sonomorphic, or fixed, in
putative parental species are particularly useful (Crawford 1985). The
failure of monomorphic alleles of a species to appear in the polyploid is

strong evidence against an ancestral role for that species.

[
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Materials and methods P

Various accessions of the five species were surveyed fbg isoenzyme
phenotypes. These are presented in Table 1. The source of the materidl was
fron the world Lotus collection maintained by W. F. Grant at Macdonald
College of McBill University. The number of accessions for which isoenzyme
5qalysgs were carried out reflected their availability within the
collection. An attempt was made to select as wide a geogqraphical range as
possible for each species. Four accessions of L. alpinus, 3 accessions of

L. japonicus, 9 accessions each of L. tenuis and L. uliginosus, and 7

accessions of L. corniculatus were saspled.

v

The fact that the genotypes came fro&{a geed bank presented a certain
problem. The authors had no control over the manner in which the seed was
collected and cannot know whether the genotypes contained 1n each accession
are truly a random sample of the original population or were aerely
collected $rom a limted number of individuals. Th ore, it cannot be
assumed that genotype and allelic frequencies of the ampleé tnuly representU
population parameters. To overcome this limitation, )it was decided to
sample a few individuals from more accessions, rather\than sample many
individuals from fewer accessions. In view of these >>?35%343i§es,
population samples and genetic identity indices such as that carried out by

Nei1 (1972) would not have been meaningful and were not calculated.

Allelic frequencies for alleles at various isoenzyme loci were
calculated from a sample of 30 individuals for three accessions of edch
species when enough seed was available, and allelic frequencies were also

talculated for each entire species based upon all observed individuals.

b
These allelic frequencies can not be considered to represent allelic
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R X
frequencies within populations, but merely within seed samples in the
)

collection. Therefore, standard errors and confidence intervals for allelic

frequencies were calculated by simply ‘using multinomial probability theory
according to the formula C.I. 95% 8'1.96 (py (1 = psd/n)~27% + 1/2n) where
€. I. = the 95% confidence interval for the multinomial approximation to the
normal curve and where p, »%i/n or the frequency of a given allele (Moran
1948; Snedecor and Cochran 1980}, No consideration was given to population
parameters such as self coampatibility as suggested by Brown and Weir (1983)

when calculating standard errors.

During the analysis, emphasis was placed upon distinct fixed alleles
characteristic of each species, rather than upon allelic frequencies because
of the sampling problem. Nevertheless, 1t is of practical interest to
determine whether allelic frequencies could be used to characterize
different samples within a species. A seed sample of a cultivar such as
Viking or Leo could be reasonably expected to be a random sample of the
genetic diversity of the cultivar. The characterization of such samples by
allelic frequencies would be uyseful for bree{ir protec%ion. The sample
talculations of allelic frequency for several accessions within each specie;

were made i1n order to determine if auch characterization was possible and

which isozymes are most useful for this purpose.

Electrophoresis: The protocols of harizontal starch gel electrophoresis have
heen previously described {Raelson and Grant 1987). Isoenzyme systems
examined for PGl and TPl were electrophoresed on a LiOH-borate buffer
systaﬁ, pH 8.1-8.4, IDH and MDH were analyzed on a tris-citrate system, pH

, T
7.1, and PGM, 6-P6DH, and ME were analyzed on a histidine-citrate systea,
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pH 6.3, Deteraination of individual phenotypes was made on the basis of .

th(}u replications,

Results

Riprgientative isoenzyae zymoqraas for PBI, TPI, PBM, MDH, IDH, &-PEBDH, and ‘
ME are presented in Figs. 1-7, respectively, Each figure contains both a
photograph and a graphic representation which is based upan three replicated
electrophoretic experiments, A summary of all isoenzyme phenotypes for all
accessions of all species for the seven isoenzymes is presented in Figs.

B-10.

Data on the frequency of varioug alleles within the five specims is
presented in Table 2. Determination of the number of loci and alleles
represented by the various phenotypes was based upon knowledge obtained
through previous studies of phenotype seqregation and pollen electrophoresis
(Raelson et al. 1987)., Alleles for various loci are named according to the
mobility relative to one common phenotype band which is arbitrarily
gesignated as Relative Mobility 100, The loci designation for PGM is the
post uncertain of all the enzynmes. The upper PGEM locus appears to have
fixed heterozygosity (constant two~banded phenotype) for all individuals of

~—

L. uliginosus. We assume that this z:;:;cts the presence of duplicated loci

similar to that found in Layia by Warwick and Gottlieb (1983), rg!her than

being an artifact, such as that observed in Pteridium\aquilinue by Wol+é et

al. (1987). NWe have tentatively assigned two loci to the upper PEN
isoenzyaes, though no segregation studies were actually undertaken. The
upper IDH zone and the lower zone for &4-PBDH have also been assuned to be
controlled by duplicated loci. This assusption is based upon the fact that

heterozygpus individuals displayed unbalanced three-banded phenotypes. The
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distnrtton,fh band }enlity ratios would result if polyplptldelsubunits of
,%q. dineric moleculss were not present in a ;ll ratio which would be tha
case where two loci are present with only one locus hetoro;ygous.
Segregation has been studied for IDH (Raelson et al. 1987), but not for
6-Pqdh2, All diploid taxa displayed balanced heterozygous phenotypes for
all other zones of allozyme activity, This isplies lack of duplication at

thesc\lnci.

-

Allelic frequencies were also calculated for some accessions of each of
the five species. These frequencies are displayed in Tables 4-7. It is
again stressed that these fregquencies do not necessarilygreflect dllelic
frequencies in populations because of uncertainty of the method of
population sampling during seed collection.

: \
Pgi2 was found to be the most useful of all loci for distinguishing

asong accessions, Most accessions contained statistically distinct

frequencies for the various Pgi2 alleles.

Discussion

It was not meaningful to construct a genetic similarity index for the taxa
examined in this study because of the uncertainty of the population samples
obtained from the world Egggg_collectéon. In the absence of such an index,
two other criteria were chosen for the purpose of testing whether a given

species was likely 'to be involved in the origin of L. corniculatus. These

criteria are not of equal importance and dependability.

Crawtord (1983) stressed the value of iscenzyae data for docusenting

‘the origin of hybrid plants. He stated that the most desirable situation is

J
4
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that the two taxa under consideration be sach monosorphic for lutually' sy g
Q\) .nxcluqlvn alleles at some locus and that both of these alleles be found

EY

within populations of the gerivod species. The sost important criterion to
be used in this analysis is based upon this concept. This criterion is as
follows., If any of the taxa exclusively have certain unique alleles at a
given locus that are never found in L. corqiculatul, then this is good

evidence against the role of that species in the ancestry of the tetraploid.

Beveral alleles saeet this criterion for L, uliginosus. These are

Tpi1-112, Pqmi,2-110, Pgm3-82, Mdh3-48, 14-Pgdh1-110, 6-Pgdh2-98,95, and .
Me2-100. Such exclusively unique alleles are not found at any locus for the

other three species.

A auch weaker criterion is the presence of a certain allele in L.

: corniculatus that is only found in aone of the diplfid species, THis is the

g§ case for 6-Pqdh1-120 and Me2-152 which are only found in L. alpinus and L.
corniculatus. Such a criterion-is not definitive because we have‘louked at
only a few accessions of only four species of the L. carniculatus group
(which is characterized by equal length calyx teeth, yellow flowers, x = &),
Five other species exist in this group, L, boissieri, L. bgrbasii, L.
filicaulis, L. krylovii, and L. schoelleri, that may also contain ‘such

alieles.

Accarding to the data that we have observed and presented here, the

hybrid L. japonicus X L. alpinus could contain all of the alleles found in

L. corniculatus, but this is also true of the cross L. tenuis X L. alpinus,

Again, because of the linited scope of the survey, we can only say that such

hybrids were the possible ancestors of L. corniculatus but we cannot exclude
o, other possiblities. ’ /

-
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(’\ The excilision of L, uliginosus #rom the ancestry of L. corniculatus by

the enzyae data creates cortaiﬁ probleas, Paramount among these is the fact

Py

that L. uliginasus is the onlycknoun source of tannins which are also found

/Lp L. corniculatus (Ross and Jones 1985). It is also the only known member

of the L. corniculatus group to contain the phenolic delphinidin (on
chrosatagraphic band 14; Harney and Grant 1965). Can theu'dlnrnpancu’ be

resolved? ™~

The L. corniculatus group is of relatively recent origin, within the

.

genus. Larsen and Zertova (1945) propaosed that the course of evolution
included the reduction of basic chrorosome nueber from x = B in the ancient

Lot}u, through x« = 7 to x = &, Furthermore, it appears that these events

L occurred independently in th; Old World and New Warld (Brant and Sidhu

1967). The only certain fact is that the origin of L. corniculatus (2n = 4x

( = 24) occurred after the isolation of the L. corniculatus group x = 6. It
is possible that this bolyploid occurred within a species coaplex prior to

the igsolati'on of distinct species. ' P

¢
It say be imagined that the loss of L. uliginosus alleles froa the
polyploid has occurred since the time of itg formation, yet Bottlieb (1977)

has pointed out that since ther?is not likely to be natural selection

I against electrophoretic mobility, isoenzysme data should strongly reflect
* ’ \ phylogenetic origins. The only plausible method for the loss of L.
uliginosus alleles from the pre-corniculatus hybrid would be extensive
backcrossing to one of the parents in a hybrid swara prinr to the initial
chromosose doubling event. This hypothesis would alsa hﬁr‘to assume that

the presence of tannins and certain phenolics conferred a distinct advantage

P s~ .
c/ £ to progeny and therefore, was conserygd.
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‘The phenolic evidence presented by Harney and Brant (1963) does show

many similarities between L. uliginosus and L. corniculatus. However, there

*

is another source of data that shows dissimilarity between these taxa.

Croapton (1982) conducted a survey of pollen morphology anSng species of the
Loteae. He perforsed principal comsponent analyses on several characters of
pollen maorphology for many taxa and found that L. uliginosus did not cluster

with L. tenuis and L. corniculatus for these characters.

Crawford (1985) has stressed that isoenzyme data are most useful when
viewed in the context of other biosystematic data. We have shown that L.
uliginosus is distinct from L. tenuis, L. alpinus, and L. japonicus tfor

%
several isoenzyme alleles at several loci in a limited survey. Buch a

finding may be most useful as,5/«arning that additional study using several

types of data are required before the origin of L. corniculatus can be

@ ascertained. L '
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Figure 1. Representative zymogram for PGI. “-A.
’ Photograph of zymogram. B. Graphic presentation. Lanes 1-4
! L."\,Eénuis, 5-8 L. uliginosus, 9-12 L. alpinus, ~13-16 L.
i Jjaponicus and 17-20 L. corniculatus.

At
[ , N

1

i
F :
[
, 5 h;a &L




Baie "7 sece

B oraQ

SO gn w.

140
> -
Lo
-l
; w4 999G e G0 909000 0000 o¢0O
=]
T s°® e ¢
g - - ® 0 o® - -
-
;w- [ N N J ® [
-
3 .- o
m -
‘ .
20+
T‘l 1 i‘l l‘l i l.l l.l i '11T lnl ' l'l ["l 4 lzol L]
LANE
-
5 ‘ M
S
¥ T




. o
B P - . - iom L N
- S - Tt “ o - 2Ty i ER < . DR -
ot . 2w e L , P \ v o - v,
v " . ‘. \ bl . 4,

- .
i o - h A
Wy L.

’

&

Figunp 2. Representative gymogram for TPI. A.
Photograph of zymogram. B. Graphic presentation. Lanes 1-4
L. tenuig, 5-8 L. uliginosus, 9-12 L. alpinus, 13-16 L.

japonicus and 17-20 L. corniculatus. Solid dot represents

consistent band for all replications. Open dot represents

‘ artifact of this particular gel.
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Figure 3. Representative zymogram for PGM. A.

Photograph of zymogram.

B. Graphic presentation. Lanes 1-4

L. tenuis, 5-8 L. uliginosus, 9-12 L. alpinus, 13-16 L.

japonicus and 17-20 L.

corniculatus. Solid dot consistent

well-stained band. Open dots represent consistent but

poorly stained bands.

Open dot with line represents

artifact of this particular gel.

L R
. ST

mULEA TR T YT
SRTTRTTE,TT
f




PGM

RELATIVE MOBILITY

14 0+
eo oo
100+ eoee ®00e 0000 occe0o0
® [ ] - - -
oD
§ cece @
COOO [eNeNeoNeo) [« NoNaNo) Coo0 o
s0-
4
204
R 1 7T T o LI
177 T4l T8’ 7 sl o' ' 'a s % 17 20

<




Figure 4. Representative zymogram for MDH. A.
Photograph of zymogram. B. Graphic presentation. Lanes 1-4
L. tenuis, 5-8 L. uliginosus, 9-12 L. alpinus, 13-168 L.
japonicus and 17-20 L. corniculatus. ,
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Figure 5. Representative zymogram for IDH. A.

Photograph of zymogrem. B. Graphic presentation. Lanes 1-4

L. ténuis, 5-8 L. uliginosus, 9-12 L. alpinus, 13-16 L.

Japonicus and 17-20 L. corniculatus. Solid dot consistent

well-stained band. Open dot consistent but a poorly stained
band.
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Figure 6. Representative gzymogram for 6-PGDH.
A. Photodraph of zymogram. B. Graphic presentation.
Lanes 1-4 L. tenuis, 5-8 L. uliginosus,
9-12 L. alpinus, 13-16 L. ,;'e}ponicus and

17-20 L. corniculatus.
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Figure 7. Representative zymogram for ME. A. Photogx‘&( '

of zymogram. B. @raphic presentation. Lanes 1-4 L. tenuis,

5-8 L. ulidinosus, 9-12 L. alpinus, 13-16 L. ,japonicus and

17-20 L. corniculatus. Solid dots gonsistent tetrameric
band. Open dots are probably breakdown of the tetrameric

enzyme into monomers, dimers and trimers.
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Figure 8. Graphic summary of all isoenzyme phenotypes

for PGI, TPI, and PGM. A. Lotus tenuis. B. L. uliginosus.

C. L. alpinus. D. L. japonicus. E. L. corniculatus. The

six-banded phenotype of PGI for L. alpinus is from the

autotetraploid accession 774x.




b

i 3
N )

PSR SN
PR 3
" ¥ L,

R T T S
FsL-\;’”\* N

A B Cc D E
PGI
100+ [ X N ] s. oo 0o [ N N J [ 3 N N N N
-
[ S - e - - e
o - :- [ - - :- ::.-
® o - *P = -
60 - ® - - - - - e
- - -
- 9 - - -
TPI
1004 ooe
[ - @ .:. [ ]
- -
® - [ J [ J [ J
60
PGM
o0 @
1001 o e o9 [ 4 ® e
oo ¢eoeo oo ° oo
oo ® o ® [ J
O OO O OO0 o o 0O
604
»
4
L .
s e




Figure 9. Graphic summary of all isoenzyme phenotypes

for IDH, MDH, and 6-PGDH. Lowest band of MDH phenotypes are

truncated. A. Lotus tenuis. B. L. uliginosus. C. L.

alpinus. D. L. japonicus. E. L. corniculatus. Open dots

of IDH phenotypes represent consistent but poorly stained

bands.
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Figure 10. Graphic summary of all isoenzyme phenotypes

for ME. A. Lotus tenuis. B. L. uliginosus.

C. L. alpinus. D. I__..' japonicus. E. L. corniculatus.

Five-banded phenotypes are most likely heterozygous for

tetrameric enzyme.
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Table 1. Taxa of Lotus usad in this study along with their accession nusber, chroscsome nusber, and source

Taxon . Accession Chromosome MNo. ind~  Source
nusber nuaber vidulas
*
L. alpinus n 12 3o Origini Rocky limestone pasture
Schleich. at the battoa of the Valley of Emaney,

Swiss Alps. Collector, C. Favager,
Seed froa Institut de Botanique, Universite de

* , Neuchatel, Received as L. corniculatus

var, alpinus Ser,

1] 12 10 Origint Lebanon. Collector, W. S, Edgecosbe

Tk 24 10 Artificial autotetraploid {Sosarpo and
Brant 1971)

828 12 10 - Origin: Bwitzerland. Collector, K. Urbanska

( \ L. corniculatus L. 106 24 10 Origin: Caechosiovakia,
) J M’trlli.' CIPDII M- 2"49
47 24 10 Origins France, Groupeasnt National

\ Interprofessionel de Production et d’Utilisation
des Samences, Sraines of plants, Paris

- 9 24 10 Plant Introduction Station, Beneva, N.Y.
: P.l. No, 161878, Origin, Argentina
b1 ¥ 30 Introduction Center, lzair, Turkey
710 24 30 tv. "Yiking’
L 764 24 30 cv. *Leo’, developed by J. S. Bubar, 1943, at
Macdonald College, Ste. Anne de Bellevue, Quebec
811 H 10 Plant Introduction 6tation, Geneva, N.Y.
P.1. No. 3806896, Origin, Iran
}

' ) veo Table 1. Cont'd.
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Table 1. Continued

Taxon Accession Chromosose No. ind- Bource
susber nuaber vidulas N
L. japonicus (Regel) 129 12 10 Origins Bifu, Japan.
Larsen Collector, 1. Hirayoshi
in 12 30 Plant Introduction Station, Geneva, N.Y.
No. G-7359; Source, Korea
L1 12 10 Origint Hiroshima, Japan. Collector, R. Tanaka
381 12 10 Origins Jima Islands, Japan. Collector, N.
Batosi
842 12 30 Origins Shimizu, Japan. Source, D. A, Jones
L. tenuis 109 12 L] fustralis, C.P.1. No, 23788,
Naldst. et Kit Origins Turkay
13 12 30 U.8.D.A. Ames, Iowa, Origint Turkey

Pol. No. 206446

145 12 30 U.8.D.A. 8oil Conservation Service, Pleasanton,
California., No. P-1449%

222 12 10 Plant Introduction Gtation, Genava, N.Y.
Pole Mo 2‘673‘) Origin, Spiil\

29 12 10 Plant Introduction Station, Geneva, N.Y,
P.1. No. 229549, Origin, Greece ,

il 12 10 Plant Introduction Gtation, Geneva, N.Y.
P.1. No. 247898, Origin, France ‘ o

298 12 10 Plant Introduction Station, Beneva, N.Y.
P.1. No. 251148, Origin, Yugoslavia

826 12 10 %lant Introduction Station, Geneva, N.Y.
F 1. No. 243222, Origin, Iran

837 12 10 Origint Buenos Aires, Argentima.
Collector: A, M. Arasbarri

.
>~
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Table 1. Continued
7 .q d ) N R
Taxon Accession Chrososose M. ind-  Source

nuaber nusber vidulas

L. uliginosus 110 12 10 Service de la Recherche Agronohigue
Schkuhr ot de 1’Experisentation Agricole,
’ Rabat, Morocco
193 12 30 U.8.hA., P 69-85. Origin unknown
120 12 10 Institut fur Kulturpflanzenforschung
Batersleben, Gersany
201 12 10 Hortus Botanicus, Coisbra, Portugal
289 12 30 Plant Introduction Station, Geneva, N.Y,
P.1. No. 234493, Origin, Sweden B
230 12 10 Plant Introduction Station, Geneva, N.Y. )
P.1. No. 233527, Origin, Hungary
293 12 10 Plant Introduction Station, Geneva, N.Y.
P.1. No. 251329, Origin, Yugoslavia
‘ . B4s 12 10 Origint Caen, France. Source, D. A, Jones
B54 12 30 Origint Niedersachsen, Bermany
’ -
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Table 2. Characteristic alleles and allele frequencies for various ‘
isoenzyme loci for Lotus tenuis, L. uligihosus, L. alpinus,
L. japonicus and L. corniculatus . =
Lotus tenus L. uliginosus L. algtnus Lotus japonicus L. cormculatus .
Locus, No. No. Freq. No. No. Freq. No. No. Freq. No. No. Freg. No. Mo, Freq.
allele accs. allel. No. C.I. accs. allel, No. C.1. accs, allel, No. C.IL accs. allel. Moo L.l aces, allel. No. L1,
Pgit 9 300 § 300 + 120 & 200 I )
) -
100 9 { .483 058 | 9 t !
95 - 517,038 - - -
Pi2 8 1104
Bé - 036,023 , - - -
. > .
80 - J33 .042 /q 037 .038 4% 082 261 026
12 A3 088 .803 047 . 228 079 085 081 . 385 -, 029
82 256 .01 - 13,085 001,006~ ©Me 02
52 297 083, - 022,030 045,031 . 208 02
: . BN
“fpit 9 300 9 300 +120 b 200 I ,
. ) . l . . , - - )
5.
100 1 - ! ! ! o
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Table 2. Cont’d. N *
Lotus temns " L. uliginosus L. alpinus Lotus japonicus L. corniculatus - 1
Locus, No. Mo, Freg. * No. No. Freq. No. No. Freq. No. Mo Freq. No. Mo, Freg.
allele accs. allel. No. C.I. aces. allel. No. C.I. accs. allel. No. C.I.  accs, allel. No. C.I. accs. aflel. Mo,  C.I. et
Ti2 “
= o
97 - 740 051 - 268,044 :
% ! 260 , 051 ! T2 .08 !
Pgal,2 9 600 9 b0 LW 5 A% 8 110 .
10 - .500 041 - - -
ks
100 330,041 - A4 085 300 .050 A9 08 [
98 - - .500 041 - - - =
7
93 470 ,08) - 45082 500 050 438 .09
BS - . - 243,056 - 033 .0H :

Poad 5 300 9 300 Th 200 8 552
82 - 1 - - -
7% 1 - ! 1 1
Ndhl 9 300 9 300 ¢ 120 6 400 8 352 (—
112 047,026 - - - - 2
¢ purt f
100 953 .02 ! ! 1 ! -
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Table 2. Cont’d. .
" —
Lotus tenuis L. uliginosus L. alpinus Lotus japonicus L. corniculates .
‘ Locus, No. Mg, Freq. No, Frag, No. Mo, Freq, Na. Mo, Freq. Mo, Freq.
] allele  aces, allel, Mo, .l aces, allel, Mo, E.1. accs. allel, Ko, C.]. accs. allel. No. (.1, accs. allel. %o, L1,
z.’ v -
) - - - 507,094 895,031 106 027
: 68 - ! - - -~ -
2 -
! " X 1 - 493,094 105,03t B9 077 :
ldht,2 9 400 600 ' w0 & 400 1104 |
. 100 .953 018 - 69 086 - 638 048 439 029 j
BS 47 018 1 .33 08 362 048 351 .02
v . ,"t
b-Podhl 9 300 300 ¢o12 ‘ .
- .'_L v 200 552 D
120 - - 059,045
= - R .201 om :’.
i 1 - { - f
t r - - ~ x )’“..‘
100 | - 941,04 >
E < r T 0%
| ! _ 8
E S
|
| sor Table 2. Cont’s.
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3 Table 2. Cont’d, &
Lotus tenuis L. uliginosus L. alpinus Lotus japonicus L. cornicalates -
' Locus, MNo. No. Freq. No. Mo, Freq. No. Mo, Freq. No. o, Freq. M. Mo, z«- Vo
gi allele  accs. allel. Mo, C.I. aces. allel, No. C.I. aces. allel, No. C.I. acs, allel, Moo .1, accs. allel, Moo C.I,
v "
. ¢ - ‘;x 1 -,
b-Pgdh2 -
98 - 733,052 - - -
; 95 - 267,052 - . .-
o 90 - .. - - 228,079 - JOL1 010 |
| 80 890 037 . m o 005 012 S8 010
85 ' 110 .037 - . 995 012 - -
. i
Me2 9 300 9 300 5120 6 200 B ) .
182 - - 43040 - O 00
100 - 1 - - - ;
i 85 1 - .957 .040 l -m .010
i
_! .
' {
?
C.1. 95% = Multinomial 95% confidence interval + (1.9s Py (1 - p,) . =~
:’ w: (]
- . /=172 4 172m) °
¢
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‘Table 3. Allelic frnquonc!u for various ilﬂlI\ZYll
"~ loei for three accessions of Lotus tenuis' .

g ) o L}
Accns!on 109 l4§ 131 .
Locus, Freq. Freq. v Freg. oo
allele (951 C.1.) (93 Gl el W
. Y
Peit
100 1 w 0 1 80
95 - - -
Pi2 «
85 - - - ‘
80 - - - ‘
1 0.883, 0.090 50 0,083, 0,078 40  0.417, 0,133  40.
b2 - 0.567, 0,134 0.150, &.ow
52 0.117, 0.090 0,350, 0,129 0.350, 0,129
" .
112 e - o - 0 - 40
10 l t | )
i2 N
] - - -
90 ! - 1 1
Poal,2 )
1o - 120 - ‘10 - 120
100 0.433, 0,09 0,400, 0,092 0,533, 0.093
96- - - -
» .
9 0,367, 0,090 0,600, 0.092 0,467, 0.093
85 - - - -
veo Table 3, Cont’d.
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Accession 109 148 13t

BRATI

%

3
\,

Locus, Freq, Freg, 'Friq.
illele (991 C.1) LAY Y 38 ) [ o ‘(m t.1.) Nt

Pye3 ‘
82 - 0 - 60 - ]

100 | 120 1 10 4 120

bt
112 - 0 - . b0 0,100, 0,084 60

100 ! 1 0.900, 0.084

4 - - -

Pyt ,
120 - 0 o- 0w o- b0
. ' 110 - - -

. 100 1 1 i

«os Table 3. Cont’d,
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Becession 109 148 13

. - Locus, Freq. ’ Freg. Freq. ‘
- allele (981 C.1.) N (951 C.1.) N (951 C.10 NS
b b-Pgdh2 '
_ b/ - ’ 120 - 120 -~ 120
1
95 - - -
bL] -~ . - - - t
] ! 0.933, 0.049 {
83 - 0.087, 0,049 -
‘ M2 ’
3 k )
: 152 - & - &0 - 60 '
(A} { , | {
\
} N®* = Total number of alleles.
: ) ) - s <
‘ Celo 95% = Multinomial 951 confidence interval + (1.96 (ps (1 - p,)/n)-272 &
) 1/2n, * N
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Table 4. “Allelic frequencies for various isaenzyme
loci for three accessions of Lotus uliginosus

Accession 19} 9 B34
. b
Locus, Fraq, Freq. . Freq,
allele (951 C.1.) N (951 G0 N* (951 C.1.) N
A
Pait
10b 0,767, 0.115 40 0.7, 0.128 40 | 80
% 028, 0,115 0.3, 0.128 .
Pgi2
3 »
B - - 0,187, 0.103 -
o
8 0137, 0,080 / 0,033, 0.0% 0,067, 0.071
g 0,883, 0.090 0.800, 0.110 0933, 0,011 40
0 8 - T -
\\
3 T ‘ ‘
Tpil
1 1 w o 80 50
\
w0 - - - -
Tpi2
— A
. ) ‘1 0,533, 0,135 0.817, 0,10
% - 0,487, 0,135 0,183, 0.108
" Pgaly?
, 1o 0.500, 0,09 120 0.%0, 0,094 120 0,500, 0.094 120
100 - - -
R o o
] 0.500, 0,09 0,500, 0.094 0,500, 0,094
1 85 - - -
. v
. ‘) - oo Table 4, Cont’d,
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Table 4. Cont’d. B
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H
“hccession 193 g (] (G
1 N
Locus, Freg. ’ Freq. Fraq.
allele (951 C.1.) *9 L) N (931C.10) N N
\
PgaS ) '
J‘ 5"
) ! 0ot o 1 0o
B - -
/
Idh{,2
100 - - , - 120
85 | t 1 i
Ndhi i
¢
t 112 - oy - 8 - 60
" 100 1 1 1
Mdh3
Bs - - - »
x >
68 1 1 1
o - - - {
4-Pgdht
120 - 0 - 0 - 50
110 | t 1
100 - - -
»ee Table 4, Cont’d.
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ficeession 193 b)) ) )
[ - ' ' A
® Locus, Freg, Fraq, Freg, .
allele . (95 C.L) woentl® e el N
/ ~ 9
. b-Padh? ‘
|
9 0.6%0, 0.090 120 0,750, 0.082 120  0.847, 0.063 20
93 0,350, 0.090 0.250, 0,082 0.133, 0,043
0 < - - - )
80 - - -
55 - - -
He2
. 152 - b0 - 0 - b0
A\ \ .
IEé 100 { { i _{
8 - - -

~N* = Total number of‘alltles counted.

C.I. 952 = Multinomial -95% confidence interval + (1.96 (py (1 - gi)/n)"%72 +

—_— 1/2n) .
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Tabln 5.‘ hllvuc trequencies for varjous uounzyn \ ¢
loci for three accessions of Lotus a_ljinus N
&
" Accassion 77 . 2% - 828
Locus,  Freq, Freg. ' Freg. - T : \
allele 195} C.1} ol N i) N
'P'!u . S
100 ! et 02 1w _
w A i . '-
re
B - - -
W. - R % ) - - ) ’ //
o 12 - 40 - 20-  0.4%0, 0.24 \
ER [V, { . ! 0.350, 0,234 ] T
T 52 - - - ‘
€~
» ‘ .M . s
N ) 12 - S ' 2 - 2 '
100 ) t | ’ | ’ éé
. £
1 Iji2
L]
7] - - - ¢ )
’ % ! . | v
e, a
- Poat,2
o e~ - 120 - 0 - “
L L4 -4 ~
lw 0.500, 0- 094 0.500, o- 167 ' °| 500’ 0. lb?
’ “
g > 9% . - ‘ - *
lt
,‘J 9 0.117, 0.062 0.500, 0.147 0,300, 0.147
& . N
. ) ‘ “ 0-393, 0-091 - , b
,é J o { oo Table 5, Cont’d,
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Table 5. Cont'd, o ..
[ . . wpi v ~r “ﬁ 4
hccrssion 77 - S 3
. Locus, \Trlq. ' Freq. Freq. .
) .ll'l. (m c.ln, “‘ ‘m BJ.) “‘ (951 C.l-) "‘ R L}
Pasd & 'S
‘ 82 - 0 - 2 - 20
™~ ' , . ~
7 | ! 1 . .
Idnt, 2 : )
. (00 ! 120 1 0ol 0
{ . - -
85 - Co. ‘ -
- \ ) \
\
. Rihi
¢ N )
@ 112 - 0 - b0 - 40
{ P ‘
100 1 1 !
e
‘ 8 0,800, 0,109 - -
. - e
48 . —_— - '
Y 0,200, 0,109 ! g Y
—— 4-Pgdht j
- 120 - 0 - 20 0.400, 0.240 20
' - - B \
140 - . .
- 100 | o 0,400, 0.240 4
» & o o
> Y " ) “;y
, voe Table 5, Cont'd, )
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17

. # Mcussion 7T, - 0w ' .

Loces, - Freg > - Fre, Freg.
allale  (951°C.10) " 9mel) N* °(55 C. L) N b

b-Pydh2 “
8 - 120 - 40 - 40
g | W - -
0 07, 008 - 0%, 0123 - |
! 8 0.533, 0.093 0,850, 0123 g
’ : b5 . - .

o2 4

R}

152 - 0 0.050, 0,121 20 0.250, 0.213 20 _

‘/‘ w - - .

85 1 0,950, 0,121 0.750, 0.213

N®* = Total nuaber of allelés countld.'

€1, 954 = Multinomial 95% cnnfidnnc; interval + (1.96 (ps (L - ps)/n)-2/2 +
= 1/2n) : -
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4 Table 6. Allelic fraqueqcies for vurio‘hs isoenzyne ‘ ¢ e )
laci for three accessions of Lotus japonicis .
o4 - ] hd .
Mecassior 177 19 2 \ - T
¢ N J
’ Locus, Freg, Freq. ~ Freq. T !
., llele {9 C.L) L Y ) L) N* ik
100 1 w1 0 1 )
9 - ) - -

@ ‘ 8 - - - - ’
. ' \

80 2| 1 e |
n . - - -
_ ) . o / 9
82 - - - -
, é . ‘ \
o o - '
/.3 .
112 - B - 0 - 20 Y
— 100 1 1 |
/ M ! '
\
" 9 - - - :
90 ! 1 |
‘Pgu,z
e R R i o
‘ 0 . - [V 0 - 0
) . ~ .\
100 0,500, 0,094 0,509, 0.167 0.500, 0,094 \
] - . - -
- o
] 0.500, 0,09 - .0.500, 0,147 © 0,500, 0,094

€

. "’
63 - - -
.
.

6/ \ P ' ovs Table & Cont’d, - \
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Table 4. Cont’d. - t
> /
Accession 177 Vs 892
Locus, Freq, Freq, Freq.
allele (95X C.1.) N (95X C.1.) N9t cl) N
Pge3
N G
82 - 8 - 20 - 40
74 { i |
{
ldhi,2
100 0.488, 0.087 120 0,075, 0,094 0 0.717, 0.085 120
\\gz\ 0.317, 0,087 0.925, 0.094 0,283, 0,085
N\,
| '
( . 12 - 60 - 0 - 0
100 ! ! 1 ~ ‘ )
Hdh3
83 - i 0.983, 0.041
48 - - -
b6 - - 0.017, 0.041
L 6-Pqdhi
L
: 120 - 80 - 0 - 80
: 110 -, - -
{ .
100 | 1 |
'?n‘n\

oss Table 6. Cont’d.
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Table b, Cont'd. k
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Accession 177 129 892
Locus, Freq. Freg. Freq.
allele (951 C.10) LA (L) S N (951C.1) N
b-Pqdh2
%8 - 120 -~ 0 - 120
95 - - -
90 - - -
80 ! 0.950, 0.080 1
b3 - 0,030, 0,080 - -
; Y
H.i Y
— ! (
152 - b0 - 20 - L '
100 - - -
BS 1 l {
\
N* = Total nuaber af alleles counted.
N .
\\ C.I. 95% = Multinomi1al 93% confidence interval + (1.96 (py (1 - ps)/n)=272 ¢
’ 1/2n)
h !
8
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loci for three accessions of Lotus corniculatus

v

-

Allelic frequencies for various isoenzyse

\

Py T 0 Jﬂ""a'&r?}‘fg EZ}:& 3?.;2,@!,4&3!". 3t ‘é}}s} ¥
N N AR TRV DA PR N
P ) A

h e TR W SE TR
L TARE D j}::‘ﬂwl’:ﬂ.},‘?z, 7 "

-Accnsion 354 710 164
wnild population "Viking’ "Leo’
Locus, Freg. Fregq. Freg.
sllele (73X C.IL) N (931 C.0) N (951 C.1.) L
Pyl X
100 ) | 120 _\l 1 120
95 - - -
Pgi2
86 - W - 2% - 240
80 0.183, 0.051 0.188, 0.053 0.325, 0,041
72 0.417, 0.085 0.250, 0.039 \\1 0.443, 0,063
62 0.092, 0.039 0.214, 0,036 0.087, 0.038
52 0.308, 0.0b1 0.348, 0.063 0. 142, 0.0;6
Toit \
112 - 120 - 1z - 120
100 1 1 1
\
Tpi2
7" - - -
§0 l ! 1

196

h
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Accession 354 n - 764
wild population "Viking! 'Leo’
Locus, Freg. Freq. Freq.
£ allele 1951 C.14) © e C.1) N9t CLL) N
(

Pgal, 2

110 - %0 - m - yil}

100 . 0.500, 0,065 0,500, 0,068 ) 0.57)0, 0.065

98 - - -

95 0.400, 0,064 o.soo;wa.obe"\ 0.500, 0,065

- A'S
H] 0,100, 0,036 - -
!

Pyl

82 - 120 - 120 - 11h

1

1] { { {
1dht,2

100 0,442, 0,063 240 0,434, 0,065 240 0,491, 0.066 232

83 0.358, 0,065 0,946, 0,063 0,509, 0,066
Ndht o
YY) - 120 - . 120 - 116
/

100 l | t

/

kdh3

05 0.‘59, \01093 - -

I} - - -

(1] 0.542, 0.093 | 1

bt e e

—f e v r

oo Table 7, Cont'd.
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Table 7, Cont’d, : ' o -
\ - . r
Accession 54 10 764 \) |
wild population "Viking’ "Leo’ " -
Locus, Freg. Freq. ‘Freq. -
allele (951 C.1.) s cl) LI N
b-Pydht ’ W
120 0.067, 0.049 120 - 20 - 116
{10 - - -
100 0.933, 0.071 i |
6-Pgdh2 &
1] - 40 - U0 - 32
95 - - - |
90 - 0.050, 0.030 - .
80 i 0.950, 0,030 1 “
" " b8 - - -
‘ %
M2 <
152 - 120 0.050, 0.043 120 - 118
100 - - -
85 1 : 0.950, 0,043 o .
V3
N* = Total nuaber of alleles counted.
C.I. 95% = Multinomial 95% confidence interval + (1,96 (ps (1 = pi)/n)—27/2 4
Iy 1/2n) .
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BENERAL CONCLUBIONSB

Isoenzyme data present a new field of information available to Lotus

genetics. The research presented here has accomplished amuch of the detailed

"

study which is necessary to place such data on a sound thearetical

7

foundation. The major tasks of such preliminary research are developing

pffectiva laboratory protocols, and establishing the genetic basis of

isoenzyme phenotypes through segregation studies. Having achieved these .

/

basics, the research went on to address an impbrtant thearetical/question,

that of the phylogenetic origin of Lotus corniculatus, using the newly

available data, There are, however, other research applications for the
hAY
isoenzyme methodology. In the remainder of this conclusion, I will suggest

6urth;r research that could be undertaken,

The hybrids used in this study had been previously synthesized by
former students, Because of this, it was not known whether different
heterozygous alleles for diffcregl loci were in cis or trans position in the
hybrid genotypes. If this information were known, linkage intensity for the
various loci could be determined by means of the maximum likelihood methods
used by Tanksley and Rick (1980) and Allard (19546). An interspecific hybrid
between L. uliginosus and either L. alpinus or L, tenuis would be useful for
this purpose, since such a cross 1s likely to be sonewhat fertile with many
heterozygous loci. A knowledge of the parental genotypes would proviae a
knowledge of their relationships within the hybrid. The segregation of
other characters, cuch.ms cyanogenesis and keel=-tip color could be
sisultaneously studied and the first linkage map for Lotus could be

constructed.
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A hybrid of L, uliginosus hqg‘not yet been obtained, however, it should
3 o
not be too difficult using embrya culture techniquas. The author was able

to obtain hybrid seed ‘pods using L. uliginosus as a female parent and L.

tenuis as a male parent. Unfortunately, these were destroyed by insects
. .

before the embryos were ready for culture and could not be used in this

study.

. Another fruitful area of research would be to extend the isoenzyse
survey of the L. corniculatus group to more accessions of the species
studied and to the remainder of the diploid species within the group. The

{ -
enzyne AAT would be of interest in such a study. This isoenzyae is able to

distinguish between L. alpinus and L. japonicus (The phenotypes for AAT of
the four diploid species used in this study are shown in Figure I, The
author was not able to obtain consistent staining with this enzyme in L.
corniculatus, so it was not used in the studies reported her;.(/?;ere is
some evidence that AAT becomes weaker in older plants. Some experimenting
with techniques might produce consistent results that could detect the

\
presence of japonicus or alpinus alleles in L. corniculatus.

I3

Another use for the electrophoretic techniques would be to identify
aneuploids for various Lotus species)’ Three of-the enzymes studied in Paper
[I were found, to be not linked. This does not guararftee that the loci are
on different chromosomes, but it does suggest that enough loci are available

to identify at least some qf the aneuploids in a series.

There exists another small project that resains to be done which could

.pravide answers to questions that remain from the segregation studies. The

offspring of several selfed taxa segregated in a 11211 ratio with three

phenotypes. These phenotypes were generally a single band,- an unbalancgd

y -
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* Considerable expense and effort has been spent on setting\db this systen and

pareéntal phundtypc, ind a balanced (112:1) band density phenotype. Such
segregation could occur for ;{ther two disomic loci with only one of the
loci heterozyqous or for a liup{ex‘or triplex tetragomic locus. ESelfing the
individuals with the balanced bandhdensity phenotype could show which of
these two node%s is correct. If there were two disomic loci in the original
parent, then the offspring of the selfed progeny would not seqreqate for the
halanc#d phenotype, The heterozygosity would be fixed within two distinct
loci each homozygous for different alleles., If the tetrasomic model were
ctorrect, the individuals with the balanced phenotype would be duplex
heterozygous (FFSS) and their progeny would {segregate in a 1:8:118:B:! ratio.

Such a 1:2:1 phenotype segregation was found\ amongq progeny of the fallowing

crosses for the following loci: €elfed L. nicus X L. alpinus (28), Pgi2,

Mdh3, 4-PGDHi; selfed (L. alpinus)® (774x~53) and L. corniculatus (554-5) X

}

Leo-1, Mdh3. Progeny of these crosses with the balanced band density

phenotypes will be maintained i'n the greenhouse. GBelfing these would not be
difficult, This would be a relatively simple experiment suitable for an
undergraduate honors research project, aﬁd would provide a definitive answer

to the question of whether segregation in g. corniculatus is disomic or

’ ) J‘\,.l
I3

tetrasom;c.

There remains enough further research with the isoenzyme technique for,

-~

certainly, a Masters’ degree project, and perhaps for another Ph.D. project.

2
s

in la&ing the theoretical foundation. It would be regrettable if these

tools were not used for further Lotus research.
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Figure 1.

species. A. Photograph. B. Graphic presentation.

L. tenuis.

Lanes 6-10, L. uliginosug. Lanes 11-15, L.

Lanas 16-20,

alpinus. L. japonicus.

for L. corniculatus.

Zymogram for AAT for four diploid Lotus

Lanes 1-5,

Banding was inconsistent
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