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Duplication of Aldolase and Esterase Loci in
Cicer (Cicereae Alef.)

K. Kazan, |. Kusmenoglu, F. J. Muehlbauer, and N. F. Weeden

The genetic control of fructose bisphosphate aldolase (ALDO, EC 4.1.2.13) and
esterase (EST, EC 3.1.1.2) isozymes in Cicer was studied by starch gel electropho-
resis. Fixed heterozygote enzyme phenotypes were observed in homozygous lines
for both Aldo-1, Aldo-2 and Est-4, Est-5. Crosses between the individuals carrying
different alleles of the duplicated genes gave rise to asymmetrically staining bands
for both enzyme systems. Subcellular localization studies demonstrated that the
products of duplicated aldolase loci are present in the plastids, whereas duplicated
esterase isozymes were found in the cytosolic compartment. Selfing and crossing
experiments revealed that there are two nuclear genes encoding the plastid specific
ALDO isozymes (A/do-1 and Aldo-2). Similarly, EST-4 and EST-5 isozymes are spec-
ified by two nuclear genes (Est-4 and Est-5). No linkage was found between any of
the duplicated genes and the other isozyme loci examined in this study. Taxonomic
distribution of both duplications was examined in the electrophoretic survey of the
related species. Present evidence suggests that these duplications are unique and
probably occurred only in this monophyletic tribe, Cicereae, since no duplication was
reported in the related genera. No evidence for mutations silencing any of the du-
plicated copies was detected in the genus. Although the mechanism for duplications
is not known, evidence for translocations in Cicer and the existence of a similar
linkage between ALDO and EST isozymes in related genera indicate that both du-
plications may have arisen simultaneously via duplication of a chromosomal segment
carrying the ancestral state of the genes.

Gene duplications have been reported in
a number of species of diploid plants (Ell-
strand et al. 1983; Goldring et al. 1985;
Gottlieb 1987; Odrzykoski and Gottlieb
1984; Pichersky and Gottlieb 1983; Soltis
et al. 1987) and animals (Allendorf et al.
1975; Avise and Kitto 1973). Polyploid
plants normally have duplicated isozymes
as a consequence of genome duplication
(Cai and Chinnappa 1989; Lumaret 1986;
Martinez-Zapater and Oliver 1985). How-
ever, duplications of nuclear genes encod-
ing the enzymes functioning in the gly-
colytic pathway have also been reported
in a number of diploid plant species (Odr-
zykoski and Gottlieb 1984; Pichersky and
Gottlieb 1983; Soltis et al. 1987). Maize,
although usually considered to be a dip-
loid plant, was found to have duplicated
(McMillin and Scandalios 1981; Wendel et
al. 1986) and even triplicated (Wendel et
al. 1989) isozymes that have been ob-
served for polyploid plant species. A great
number of chromosomal segments are re-
dundant in maize, as revealed by RFLP
analysis (Helentjaris et al. 1988), suggest-

ing that allopolyploidy may have been in-
volved in the evolution of maize (Wendel
et al. 1989).

Gene duplication is important in evo-
lution because it appears to be one of the
main mechanisms for the acquisition of
new genes and consequently new meta-
bolic capabilities (Gottlieb 1982). Accord-
ingly, when a gene is duplicated, one of
the two resultant genes either may become
nonfunctional or may acquire a new func-
tion (Allendorf et al. 1984; Takahata 1982).
A duplicated locus may be fixed in diploid
populations by mutation pressure and ran-
dom drift (Kimura and King 1979). Gene
silencing may especially occur after poly-
ploidization since many enzyme loci are
the parts of a redundant gene pool in poly-
ploid species (Wilson et al. 1983; Wolko
and Weeden 1989). However, very little is
known about how duplicated genes may
diverge in regulation or in function.

More solid evidence for gene duplica-
tion requires a demonstration of similar
amino acid sequences from both dupli-
cates or a cytological demonstration of du-



plicated chromosome material with their
isozyme coding genes (Gottlieb 1982).
However, electrophoretic studies can also
reveal the multilocus nature of many en-
zyme systems, providing support for the
gene duplication hypothesis (Ellstrand et
al. 1983).

Aldolase (ALDO, EC 4.1.2.13) function-
ing in the glycolytic pathway catalyzes the
reversible conversion of fructose diphos-
phate to glyceraldehyde 3 phosphate.
Similar to other glycolytic pathway en-
zymes, two aldolase isozymes localized in
plastolic and cytosolic compartments were
found in higher plants (Bukowiecki and
Anderson 1974). Fluorescent esterase
(EST, EC 3.1.1.2) is associated with the
biosynthesis of acetate. The presence of
several esterase isozymes is known in
plants (Doong and Kiang 1988; Weeden
and Marx 1987). In this report we present
evidence that duplication of the gene for
plastid specific aldolase isozymes and one
gene of the esterase isozymes has oc-
curred during the evolution of Cicer (Ci-
cereae Alef.), consisting of diploid (2n =
16), self-pollinated annual and perennial
species. Based on crossability and fertility
of hybrids in interspecific crosses, nine
annual species of Cicer were divided into
four crossability groups (Ladizinsky and
Adler 1976). The first group includes three
species—C. arietinum L., C. reticulatum
Lad., and C. echinospermum Dav. Other
species—C. bijugum Rech., C. pinnatifidum
J., C. judaicum Boiss., and C. yamashitae
Kitam.—are grouped in the second cross-
ability group. The remaining two spe-
cies—C. chorassanicum (Bge.) M. Pop. and
C. cuneatum Hochst.—cannot be crossed
with any other annual species and there-
fore they form the third and the fourth
crossability groups, respectively.

Materials and Methods

Plant Material

We used true breeding diploid chickpea
lines (Cicer arietinum) maintained by nat-
ural self-pollination to recognize the na-
ture of the fixed heterozygote phenotype.
An alternative allele for one of the dupli-
cated loci (Aldo-I) was found in a wild
species of chickpea, C. reticulatum. Seg-
regation of aldolase isozymes was exam-
ined in the progeny of a cross (Family A)
between C. arietinum (P1360177) and C.
reticulatum (P1489777). We found poly-
morphism for the duplicated esterase lo-
cus in two C. arietinum accessions, and we
examined segregation of this locus in the

progeny of a cross (Family B) between two
accessions, ILC 194 and FLIP 86-83. In ad-
dition, we determined the taxonomic dis-
tribution of duplications by an electro-
phoretic survey of all remaining annual
species [C. reticulatum (P1489777, P1489778,
PI510655), C. echinospermum (P1489776),
C. bijugum (P1458550, P1458551, P1458552),
C. pinnatifidum (P1458555, P1458556,
PI510663), C. judaicum (P1458558,
P1458559, PI504291), C. yamashitae
(P1504550, PI510664), C. chorassanicum
(P1458553), and C. cuneatum (P1458554)]
and one perennial species [C. anatolicum
Alef. (P1383626)] of Cicer obtained from
the United States Department of Agricul-
ture Regional Plant Introduction Station at
Pullman, Washington.

Enzyme Assays and Electrophoresis

We obtained enzyme extracts by grinding
two or three leaflets of young seedlings in
a 100 ul potassium phosphate, pH 7, ex-
traction buffer according to Soltis et al.
(1983). For alcohol dehydrogenase (ADH,
EC 1.1.1.1) we used extractions from roots
soaked 18 h in water. To resolve alcohol
dehydrogenase, aldolase (ALDO, EC
4.1.2.13), 6-phosphogluconate dehydro-
genase (PGD, EC 1.1.1.44), and phospho-
glucomutase (PGM, EC 2.7.5.1) we used a
pH 6.1 histidine gel and electrode buffer
(Cardy et al. 1980). To resolve aspartate
aminotransferase (AAT, EC 2.6.1.1), acon-
itase (ACO, EC 4.2.13), glucose-1-phos-
phate transferase (GPT, EC 3.1.3.10),

phosphogluco isomerase (PGI, EC 5.3.19),

and seed protein (SPR) we used a tris-
citrate/lithium borate, pH 8.1, gel system
(Selander et al. 1971). To resolve fluores-
cent esterase (EST, EC 3.1.1.2) and -D-
galactosidase (GAL, EC 3.2.1) we used a
citrate/N-3-aminopropyl-morpholine gel
system, pH 6.1 (Clayton and Tretiak 1972).
Electrophoresis was carried out using a
10% starch gel for all the gel systems. We
ran the gel for 4 h at a constant voltage of
310 for the assays conducted on the his-
tidine gel system and at 45 mA for 4 h in
arefrigerated cabinet for the other assays.
The SPR was assayed with a naphthol blue-
black solution (5 methanol:5 water:1
acetic acid). The remaining assays were
identical to or slight modifications of those
described by Soltis et al. (1983).

Subcellular Location of Isozymes

We determined subcellular location of the
isozymes by comparing the electropho-
retic patterns of pollen leachate, leaf ex-
tract, chloroplast, and mitochondrial
preparations as described by Muehlbauer

et al. (1989) and Weeden and Gottlieb
(1980).

Isozyme Nomenclature

We designated the locus specifying the
most anodally migrating isozyme as 1, the
next as 2, and so on. Similarly, we named
the alleles at each locus according to the
relative mobilities of their products. The
most anodal allozyme at a given locus was
assigned an “a”; the subsequent letters
were used to indicate the slower migrating
allozymes. We used the letters p, ¢, and m
after the name of the locus to indicate the
subcellular location of isozymes as plastid,
cytosol, and mitochondria, respectively.

Segregation and Linkage Analysis
Parental lines maintained by self-pollina-
tion were selfed to demonstrate the ho-
mozygous nature of the plants. We made
crosses between the plants differing for
the alleles in one of the duplicated loci for
aldolase (laa2cc x lcc2cc) and esterase
(laa2aa x laa2bb), and we tested F, prog-
enies for deviation from expected Men-
delian segregation ratios for a single locus.
The LINKAGE-1 computer program (Suiter
et al. 1983) was used for linkage analyses
between Aldo-1 and nine other isozyme
loci (Aco-c, Aco-m, Pgd-c, Pgi-c, Pgm-p, Gpt-
p, Gpt-c, Adh-1, and Spr) segregating in
Family A and between Est-5and Gal-I seg-
regating in Family B.

Results

Fixed Heterozygosity

The presence of true breeding individuals
with multiple-banded electrophoretic pat-
terns suggested the presence of duplicate
genes coding for aldolase. A five-banded
aldolase pattern was observed in C. arieti-
num, whereas only a very darkly stained
region was found in C. reticulatum
(P1489777). Both phenotypes did not seg-
regate upon selfing, indicating that this is
a fixed heterozygote phenotype (in which
exist multiple-banded enzyme patterns of
homozygous individuals that can normally
be observed for heterozygous individuals)
encoded by two distinct genes. However,
segregation was obtained in crosses be-
tween the two species sharing one of the
alleles for the duplicated locus but differ-
ing for the other (Figure 1). The enzyme
genotypes of C. arietinum and C. reticula-
tumwere designated as 1aa2cc and lcc2cc,
respectively (Figure 3a,c). In F, hybrids, a
five-banded pattern for aldolase was ob-
served, indicating the tetrameric nature of
the enzyme. The F, genotype was desig-
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Figure 1. Segregation of isozyme phenotypes for
Aldo-1 in an interspecific cross, C. arietinum x C. re-
ticulatum (see text for details). F = fast, S = slow, H =
heterozygous enzyme phenotype.

nated as lac2cc (Figure 3b). One- and
three-banded phenotypes for the EST-4,5
region were found in two C. arietinum ac-
cessions used as parents in the crosses
(ILC 194 x FLIP 86-83) (Figure 2). The
genotypes of the parents were designated
as 4aabaa for one-banded and 4aa5bb for
three-banded phenotypes (Figure 3d,f).
Selfing of the individuals with the three-
banded pattern did not show segregation.
The crosses between these two genotypes
yielded a three-banded phenotype
(4aa5ab) with two darkly stained bands
and a fainter band at the third position
(Figure 3e).

Intergenic Interaction Producing
Hybrid Isozymes

Intergenic heterotetramers produced by
the subunit association of the alleles at the
duplicated Aldo loci were observed in all
the species examined. Intergenic bands
produced by random association of the
polypeptides from duplicated genes indi-
cate the structural similarity of the poly-
peptides from both genes. Since duplicat-
ed isozymes are expressed in the same
subcellular compartment (plastid), inter-
genic interaction can easily occur between
the isozymes, producing multiple bands.
No distinguishable intergenic band was
observed in C. reticulatum because the al-
leles at both loci have the same electro-
phoretic mobility for duplicated isozymes.
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1c)

c MEg*

a b
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Figure 2. Segregation of isozyme phenotypes for Est-5
in an intraspecific cross, ILC 194 x FLIP 86-83 (see
text for details). F = fast, S = slow, H = heterozygous
enzyme phenotype.

No intergenic interaction was observed
between cytosolic aldolase isozyme (Aldo-
J) and the duplicated plastid specific iso-
zymes (Aldo-1 and Aldo-2).

Similarly, a three-banded enzyme phe-
notype was produced by subunit associa-
tion of the genes encoding EST-4 and EST-5
isozymes. A one-banded phenotype ob-
served in one of the parents was probably
due to the fact that the products of both
loci overlap on the gel. We found all es-
terase isozymes exclusively localized in the
cytosol. Existence of both isozymes in the
same subcellular compartment allows
products of the duplicated loci to combine
and produce a fixed heterozygote pheno-
type. No intergenic interaction between any
other esterase loci products was ob-
served. This suggests that these loci have
diverged.

EST-4.5
(4A.5A)

EST-5
(5B)

d e 1

Figure 3. Diagram of the electrophoretic phenotypes for aldolase: (a) laa2cc (C. arietinum, Pi360177); (b)
lac2cc heterozygous; (¢) lcc2ce (C. reticulatum, P1489777) parental. Also for esterase isozymes: (d) 4aa5aa (C.
arietinum, 1LC 194); (e) 4aa5ab heterozygous; (f) 4aa5bb (C. arietinum, FLIP 86-83) parental. Only duplicated

isozymes are shown.
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Figure 4. Diagram of aldolase isozymes in Cicer spe-
cies: (a) laa2bb (C. chorassanicum); (b) laa2cc [C.
arietinum, C. reticulatum (P1489778, P1510655), C. echi-
nospermum, C. bijugum, C. pinnatifidum, C. judaicum);
(c) l1aa2aa (C. yamashitae, C. anatolicum); (d@) 1bb2cc
(C. cuneatum); (e) lcc2ce [C. reticulatum (P1489777)].

Gene Dosage Effect in Heterozygotes
Asymmetrical banding intensities were
observed for heterozygous individuals for
both duplicated esterase and aldolase loci
(Figures 1 and 2). In the duplicated ester-
ase locus the a allele encodes a fast allo-
zyme and the b allele encodes a slow allo-
zyme. Accordingly, the fast band will be
more intense in an individual with 4aa5ab
genotype because of the dosage effect of
a. Similar observations were made for het-
erozygous individuals (lac2cc) at the du-
plicated aldolase locus. Due to the dosage
eflect of ¢, three relatively darker staining
bands with a relatively lighter staining
portion were observed in the heterozy-
gote. This situation was proposed as evi-
dence for gene duplication (Cai and Chin-
nappa 1989; Martinez-Zapater and Oliver
1985; Weeden et al. 1989).

Taxonomic Distribution of Gene
Duplications
The alleles at the duplicated aldolase loci
are illustrated graphically in Figure 4. No
variation was found within each species
except C. reticulatum, which showed one-
(P1489777) and five-banded (P1489778 and
PI510655) phenotypes for the different al-
leles of the duplicated genes. Different al-
leles were fixed for most of the species
examined. Three alleles were detected for
both Aldo-1(1a, 1b, 1¢) and Aldo-2 (2a, 2b,
2¢) in a survey of all annual and one pe-
rennial (C. anatolicum) species of Cicer.
Species in the first two crossability groups,
except C. reticulatum (P1489777), shared
the same alleles for both Aldo-1 and Aldo-
2. Similarly, C. cuneatumand C. reticulatum
had the same allele for Aldo-2, but they
differed from the remaining species for the
Aldo-1 allele. Two other wild species, C.
yamashitaeand C. anatolicum, differed from
the other species by having the same allele
for Aldo-2.

Two alleles were found for the dupli-
cated Est-5 in three species of the genus,



Table 1. Segregation of duplicated isozyme phenotypes in F, progenies of an interspecific hybrid
[Family A: C. arietinum (PI360177) x C. reticulatum (P1489777)), and an intraspecific hybrid, C.
arietinum (Family B: ILC 194 x FLIP 86-83), and single locus goodness of fit to a 1:2:1 expected genetic

ratio

No. of plants with
designated phenotype

Hetero-
Family Locus Fast zygotes Slow x? P
A Aldo-1 (p)* 16 28 15 0.19 91
B Est-5 38 89 33 2.33 .31
ap = plastid.

C. arietinum (5a and 5b), C. reticulatum (5a),
and C. echinospermum (5a). Complex
banding patterns for esterase isozymes in
the remaining species prevented further
evaluation of this duplication.

Genetic Control of ALDO and EST
Phenotypes in Cicer

Self-pollination of individuals within the
parental lines yielded progeny with the
same aldolase phenotypes as the parents,
indicating the homozygosity of the par-
ents. However, the cross between them
produced F, progeny that consisted of both
parental and heterotetrameric enzymes.
This is due to the fact that both parents
have the same allele for the less anodal
plastid isozyme (ALDO-2); however, they
differ by having different alleles for the
more anodal (ALDO-1) plastid specific
isozymes. Three progeny classes occurred
in the F,, five- and one-banded parental
phenotypes and the five-banded F, phe-
notype. The number of individuals in the
progeny classes approximated a 1:2:1 ratio
expected for codominant alleles segregat-
ing at a single locus (Table 1).

Six zones of activity for esterase were
observed. The two most anodal isozymes
are monomeric and under the control of
two linked loci (Kusmenoglu I, Muehl-
bauer FJ, and Kazan K, in preparation).

The genetic control of the third and sixth
most anodal isozymes are not known. The
present study revealed that zone 4 and
zone 5 isozymes are controlled by a du-
plicated locus. Variation was found for only
zone 5 (EST-5) isozymes in the crossable
parents. Crosses between the parental ge-
notypes differing by the alleles for zone 5
isozymes yielded both parental and het-
erozygote phenotypes in the F,, and seg-
regation fit the expected 1:2:1 ratio for a
single locus (Table 1).

Linkage Tests

Testing the linkage between duplicated al-
dolase loci was not possible because only
one locus showed variation in the parents.
Testing the same linkage in some other
Cicer species carrying different alleles for
both Aldo-1 and Aldo-2 was not possible
due to the crossability barriers.

Tests of linkage between Aldo-1 and nine
isozyme loci (Family A) are presented in
Table 2. Aldo-1 segregated independently
from the other loci tested. All other iso-
zyme loci exhibited codominant expres-
sion of allozymes and gave 1:2:1 segrega-
tion ratios in the F,.

Testing the linkage between duplicated
esterase loci was also not possible due to
lack of polymorphism for both duplicates
in the parental genotypes. Although the

Table 2. Joint segregation between Aldo-1 and nine other isozyme loci in Family A (P1360177 x
P1489777) and between Est-5 and Gal-1 in Family B (ILC 194 x FLIP 86-83) and tests for linkage

No. of F, plants with designated phenotypes®

Family Locus® FF FH FS HF HH HS SF SH SS x? re P

A Aco-c 5 8 2 8 13 8 3 6 5 2.05 42 .73
Aco-m 4 7 1 7 16 9 5 4 5 4.28 44 .37
Pgd-c 0 12 6 11 8 7 5 7 2 11.50 39 .02
Pgic 5 11 3 7 13 9 4 3 3 2.94 48 .57
Pgm-p 3 5 2 6 5 11 7 7 2 4.63 41 .33
Gpt-p 5 6 5 8 13 7 3 8 3 1.19 49 .88
Gpt-c 3 11 1 11 9 7 2 7 7 10.79 41 03
Adh-1 5 7 5 9 9 7 2 1l 3 4.82 49 31
Spr 4 11 2 10 13 10 2 3 3 3.89 42 42

B Gal-1 10 20 8 20 46 23 13 15 5 4.06 45 .03

¢ F = homozygous fast; S = homozygous slow; H = heterozygous.

b¢ = cytosol; m = mitochondria; p = plastid.
<Recombination fraction.

linkage between Gal-I and Est-5 (Family
B) was tested, no linkage was found (Table

2).

Discussion

Evidence was presented for duplication of
two enzyme loci in Cicer. The presence of
a fixed heterozygote enzyme phenotype,
intergenic interaction producing hetero-
meric isozymes, and the presence of the
duplicated isozymes in the same subcel-
lular compartments all indicated the du-
plicated states of the genes. Additionally,
we have evidence to suggest a possible
segment duplication giving rise to the du-
plicated isozymes in this genus. Although
relatively rare, duplication of a segment of
a chromosome carrying genes encoding
cytosolic and mitochondrial malate de-
hydrogenase isozymes has been reported
in maize (McMillin and Scandalios 1980).
Cytosolic Mdh-1 and Mdh-2 were located
on different maize chromosomes, and both
Mdh-1 and Mdh-2 were found to be linked
to two aminopeptidase loci (Amp-1 and
Amp-2). This suggested that the region in-
cluding Mdh-c and Amp may have been
duplicated (McMillin and Scandalios 1981).
Although we do not have direct evidence
suggesting a linkage between duplicated
aldolase and esterase loci in Cicer, a sim-
ilar linkage between these two loci was
reported in Pisum (Weeden and Marx
1987). The same linkage situation may ex-
ist in Cicerbecause the presence of several
conserved linkage groups consisting of
homologous genes among the members of
Viceae has been demonstrated (Muehl-
bauer et al. 1989; Weeden et al. 1988). We
are currently attempting to demonstrate a
similar linkage group in Cicer. The pres-
ence of a linkage between Aldo and Skdh
is also known in Pisum (Weeden and Marx
1987). In contrast to Pisum and Lens, for
which only one SKDH isozyme was re-
ported, two SKDH isozymes were resolved
in Cicer. The duplication of Aldo and Est
loci and putative duplication of a Skdh lo-
cus suggests the possible duplication of a
chromosome segment carrying the ances-
tral state of the duplicated genes. No poly-
morphism was found within each cross-
ability group of Cicer for Skdh to test the
possibility of linkage among these three
loci (Kazan K, unpublished).

Gottlieb (1982) proposed a mechanism
by which gene duplication may occur. Ac-
cordingly, most of the duplications with
unlinked copies may have arisen from
plants that were heterozygous for overlap-
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ping reciprocal translocations. Duplicate
genes were found unlinked for most of the
instances, suggesting that they do not usu-
ally originate by unequal crossing over.
Gene duplications fitting the proposed
mode of origin were observed for a num-
ber of isozyme gene duplications (Picher-
sky and Gottlieb 1983; Tanksley 1984;
Tanksley and Kuehn 1985). As apparent
from the model, chromosomal rearrange-
ments are precursors for the gene and seg-
ment duplications. Although several chro-
mosomal rearrangements have also been
identified in Cicer (Ladizinsky and Adler
1976), whether these rearrangements gave
rise to the duplicated genes remains un-
known.

Allendorf (1978) discussed the possible
fate of duplicated genes. The main reason
for conservation of duplicated loci would
be selective advantage of the individuals
with the gene duplications. Since the num-
ber of isozymes is increased in fixed het-
erozygote individuals, larger amounts of
enzyme with slightly different biochemical
properties may be produced. The differ-
ence between the individuals with and
without gene duplication might be very
distinct in nature, especially under ad-
verse conditions. This might be true for
the aldolase gene duplication, although we
do not know the biochemical properties
of additional isozymes developed from
gene duplication. However, the esterase
duplication will probably be silenced be-
cause duplicated isozymes are already a
part of a redundant enzyme system.

Gene duplications have also been used
extensively in plant systematics to clarify
the evolutionary relationships among taxa
(Odrzykoski and Gottlieb 1984; Soltis et al.
1987) due to the fact that they are very
rare events and probably occur only once
in the evolution of a genus. Similarly, loss
of duplication in some species within a
genus suggests the phylogenetic similarity
among them. The gene encoding the cy-
tosolic PGI, Pgi-c, was found duplicated
within the Leguminosae (Weeden et al.
1989). The distribution of this gene dupli-
cation among the members of the family
led to the conclusion that the duplication
had occurred in the lineage leading to Pha-
seolus after its divergence from that lead-
ing to Pisum and Lens. Similarly, restric-
tion of present duplications to Cicer, a
monophyletic genera in the Cicereae, sug-
gests that the duplication probably oc-
curred after the divergence of the tribe
from other related taxa.

The distribution of a gene duplication
among the related taxa may also reveal
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some information about the age of a du-
plication. For example, the present dupli-
cations involving ALDO and EST cannot
be considered ancient because no dupli-
cation of these two loci has been reported
in related genera. This suggests that the
duplicated enzyme loci are still at the early
stages of differentiation since they pro-
duce polypeptides that are structurally and
metabolically similar, allowing the for-
mation of heteropolymers.

Genetic and biochemical evidence sug-
gests that the duplication of plastid spe-
cific aldolase and an esterase locus oc-
curred by a process of a gene and possibly
a segment duplication. However, bio-
chemical evidence of structural and se-
quence similarity for the genes or their
products is not yet available. Currently,
the ancestral state of the genes is also not
known.
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