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Genetics of cytosolic phosphoglucose
isomerase (PGI) variation in the Amazonian
tree Pseudobombax munguba
(Bombacaceae)
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A genetic analysis of cytosolic phosphoglucose isomerase (PGI) variation in the tropical tree
Pseudobombax munguba (Bombacaceae) was carried out in one population from Central
Amazon. It was shown that cytosolic PGI variation is controlled by two diallelic loci (Pgi-2 and
Pgi-3). All nine possible enzyme phenotypes produced by allelic variation at these two loci
were easily identified on gels stained for PGI. Progeny analysis from cross-pollinated families
revealed that the two loci assorted independently and exhibited disomic inheritance, suggesting
that allopolyploidy may have been the cause of the duplication of the cytosolic PGI gene in

this species.
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Introduction

The genus Pseudobombax (Bombacaceae) is exclu-
sively neotropical with 20 species distributed from
south Brazil, Paraguay and Argentina to Central
America (Robyns, 1963; Aubreville, 1975). Pseudo-
bombax munguba is the only species in the genus
that occurs in the extensive quaternary floodplain
terrains of the Amazon, spreading from the Peru-
vian and Colombian Amazonian lowlands to the
Amazon River mouth region in the Pard and Amapa
States, Brazil. The species is a bat-pollinated tree
that grows up to 40 m high and occurs typically
along the sedimentary basins of the ‘white-water’
rivers in the seasonally inundated habitat called
‘varzea’ (Pires, 1974; Pires & Prance, 1985). Pseudo-
bombax munguba is a key species in the varzea
habitat, producing annually great quantities of small
seeds rich in oils and proteins consumed by a large
number of economically important regional fishes.
The high chromosome number of P munguba
(2n = 84; Baum & Oginuma, 1994) and the evolu-
tionary history of the Bombacaceae family suggest a
palaeopolyploid origin for the species. However, no
information about the species’ ploidy level or its
putative ancestors is available.

*Correspondence.

©1996 The Genetical Society of Great Britain.

The current work was initiated to resolve a reli-
able genetic marker system for use in studies of the
breeding and mating system of P munguba. Several
recent investigations of the mating system of tropical
trees have used isozyme markers to estimate rates of
outcrossing (O’Malley & Bawa, 1987; O’Malley et
al., 1988; Murawski & Hamrick, 1991, 1992; Muraw-
ski et al., 1990, 1994; Alvarez-Buylla & Garay, 1994;
Hall ef al., 1994; Boshier et al., 1995). However, the
markers used in these studies were not normally
subject to a formal genetic analysis of inheritance
(but see Alvarez-Buylla & Garay, 1994), probably
because of the operational difficulties in hand polli-
nating tall rain forest trees.

In this paper we report the results of a genetic
analysis of the cytosolic phosphoglucose isomerase
(PGI) phenotypes resolved in a population of P
munguba in the Central Amazon. The analysis has
led to the detection of two diallelic loci controlling
the cytosolic PGI variation in P munguba and the
resolution of two sets of genetic markers that are
suitable for future studies of the reproductive
biology of the species.

Materials and methods
The study site and the trees

The study site was located in the Ponta do Cataldo,
a peninsular area where the Rio Negro and Rio
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Solimdes join to form the Amazon river, about 4.5
km SE of the city of Manaus (about 03°08'S,
60°00'W), Amazonas state, Brazil. The area, covered
by the ‘varzea’ vegetation, is annually inundated for
4-7 months during the period of high waters. In this
area P munguba is one of the dominant arboreal
species.

Electrophoretic procedures

Of the seven enzyme systems initially assayed (phos-
phoglucose isomerase, phosphoglucomutase, alcohol
dehydrogenase, glucose-6-phosphate dehydrogenase,
malate dehydrogenase, esterase and peroxidase),
only PGI was investigated further. This enzyme
presented clear, repeatable bands and polymor-
phisms on starch gels. PGI is a dimeric enzyme that
catalyzes the reversible isomeration of glucose-
6-phosphate  and fructose-6-phosphate  (Stryer,
1988). In plants, PGI is usually compartmentalized
in the cytoplasm and in the chloroplast (Scharren-
berger et al., 1975; Weeden & Gottlieb, 1980a,b;
Weeden, 1983). The plastid PGIs are generally more
anodal and exhibit less electrophoretic variability
than PGI from the cytoplasm (Gottlieb & Weeden,
1981).

Leaf tissue samples (about 1 cm?) were crushed
with a glass rod in a chilled microtiter plate using
the extraction buffer of Mitton et al. (1979). Filter
paper wicks containing the crude leaf extract were
inserted in a 12 per cent (w/v) starch gel for hori-
zontal electrophoresis. Morpholine-citrate electrode
and gel buffers (system 2 in Wendel & Weeden,
1989) were used in the electrophoresis after modify-
ing the pH to 8. An electric current of 40 mA (about
250 V) was applied to the gels for 4.5 h before they
were sliced and stained. The staining protocol for
PGI followed that described by Wendel & Weeden
(1989).

Analysis of PG/ variation

Adults  Fifty-six P munguba trees were randomly
chosen for analysis. Branches with young leaves were
collected from trees in the early morning, trans-
ported to the laboratory, and analysed up to 2 h
later. Enzymes were extracted from fresh young leaf
tissue.

Seedlings Seeds contained in 30 open-pollinated
fruits (one fruit per tree) and also in 14 fruits
produced following hand cross-pollinations (see
below) were collected at maturity approximately 3
months after flower anthesis. Pairs of trees used in

the cross-pollinations had been previously assayed
and were of known PGI phenotype. Seeds from each
fruit were washed with 30 per cent solution of
sodium hypochlorite, rinsed, and sown in Petri
dishes on moist filter paper. Nearly all seeds germi-
nated in 2-3 days. Enzymes were extracted from the
cotyledons of seedlings 7-10 days after germination.
A total of 754 seedlings from open-pollinated and
668 seedlings from hand cross-pollinated fruits was
analysed.

Controlled pollinations

The lower branches of trees were reached by canoe
during the period of ‘high waters’. Floral buds were
opened, emasculated and enclosed in paper bags
shortly before anthesis at approximately 18.30 h.
Massive loads of self- (in self-pollinations) or cross-
pollen (in cross-pollinations) were deposited on
stigmas at around 20.00 h. Flowers were then rebag-
ged until 10.00-11.00 h the following morning. Pseu-
dobombax munguba produced no fruits following
self-pollination (fruit-set = 0 per cent, N = 406 self-
pollinated flowers) and, consequently, only seeds
from fruits resulting from hand cross-pollinations
and open-pollinations were analysed.

Results

Cytosolic PGl phenotypes

Nine different PGI phenotypes (Fig.1) were resolved
among the 1478 individuals assayed (56 adult trees,
plus 754 and 668 seedlings from open- and cross-
pollinated fruits, respectively). All individuals shared
a single band in the most anodal zone (approxi-
mately 55 mm from the origin). This enzyme, desig-
nated PGI-1, was not well resolved on most gels,
and, by analogy with the findings of studies on other
plant species, was inferred to be the chloroplastic
PGI (Schnarrenberger et al., 1975; Weeden &
Gottlieb, 1980b; Gottlieb & Weeden, 1981; Gottlieb
1982).

The less anodal zone presented phenotypes with
one to six well-resolved bands of several staining
intensities. These bands were separated at regular
distances of 3 mm, except the fifth and the sixth
bands which were separated by 6 mm. Isozymes
resolved in the less anodal zone have been reported
as variant forms of cytosolic PGI in other plants
(Gottlieb & Weeden, 1981). High levels of isozyme
variability for cytosolic PGI are usually the result of
a gene duplication (Adams & Allard, 1977; Gottlieb,
1977, 1982; Goldring et al., 1985; Lack & Kay, 1986;
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Fig. 1 Electrophoretic phenotypes and suggested geno-
types at Pgi-2/Pgi-3 in Pseudobombax munguba.

Lumaret, 1986; Pascual et al. 1988; Cai & Chin-
nappa, 1989; Rovira et al., 1993).

A two-locus diallelic model explains the variability
of cytosolic PGI phenotypes observed in P munguba.
It is proposed, therefore, that the first locus, desig-
nated Pgi-2, has two alleles (Pgi-2° and Pgi-2") which
code for two subunits (PGI-2a and PGI-2b) with
electrophoretic mobilities of 40 mm and 34 mm
from the origin, respectively (Fig. 1). These two
enzyme subunits associate, in heterozygous individ-
uals (genotype Pgi-2*"), to form an intralocus hybrid
heterodimer that migrates halfway between the two
homodimers.

The second set of cytosolic PGI enzymes, desig-
nated PGI-3, may be considered to be coded by the
Pgi-3 locus. Two alleles at this locus (Pgi-3* and
Pgi-3") encode two subunits (PGI-3a and PGI-3b)
which migrate 34 and 22 mm from the origin,
respectively. The intralocus heterodimer produced
by these two alleles in heterozygotes exhibits an
electrophoretic mobility that is intermediate (28
mm) to that of the two homodimers. The overlap of
the faster enzyme of the Pgi-3 (PGI-3a) and the
slower of the Pgi-2 (PGI-2b) at 34 mm from the
origin was not exact. In gels that were run for 5 h
(instead of the standard 4.5 h) the two enzymes
could be separated, with the PGI-3a enzyme migrat-
ing to a slightly more anodal position than PGI-2b.

It was interpreted that interlocus hybrid enzymes
(interlocus heterodimers), showing intermediate
mobility, were formed between the following pairs of
homodimers: PGI-2a/PGI-3a, PGI-2a/PGI-3b and
PGI-2b/PGI-3b. These heterodimers were located on
gels approximately midway between the respective
homodimers (at 37, 31 and 28 mm from the origin,
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respectively). An interlocus heterodimer between
PGI-2b and PGI-3a was not observed on most gels
because of the overlap of the two homodimeric
enzymes, but was visible on gels which ran for more
than 5 h.

The model described above allows genotypes to
be assigned to each of the nine PGI phenotypes
resolved, in the manner shown in Fig. 1. The relative
staining intensities of the bands, which were clearly
distinguishable on all gels, were crucial to the
correct designation of genotypes.

Progeny analysis

Based on the two-locus diallelic model proposed
above, Pgi-2 and Pgi-3 genotypes were assigned to
maternal trees and the offspring of 30 open-polli-
nated families surveyed (Table 1). Twenty-two trees
were found to exhibit phenotype 1 (Fig. 1) and were
classified, therefore, to be of Pgi-2*, Pgi-3"* geno-
type. Five other trees were also homozygous for
Pgi-2°, but were either heterozygous or homozygous
for the b allele at Pgi-3. Because of the rarity in the
population of b alleles at both loci, only two trees
were homozygous for either Pgi-2° or Pgi-3".

Offspring genotypes within each open-pollinated
family array (Table 1) were always in accordance
with those expected, based on the genotype assigned
to the mother tree and the genotypes assigned to
other trees (potential pollen donors) within the
population sample. In no instance, therefore, was an
offspring genotype recorded that could not have
arisen in the family of a maternal tree of assigned
genotype.

The results of the controlled crossing programme
are presented in Table 2. Offspring phenotypes are
illustrated in Fig. 2 and show the ease with which
different phenotypes were identified in progeny
arrays even when differences were based simply on
the relative staining intensities of particular bands.
Only one of the nine PGI phenotypes presented in
Fig. 1 was not generated by the crosses undertaken.
This was the single-banded phenotype 7 produced by
individuals of genotype Pgi-2?" Pgi-3". However, five
seedlings with this phenotype were detected among
the open-pollinated progenies surveyed (Fig. 2i and
Table 1). In contrast, only one seedling homozygous
for the rarest allele at both loci (phenotype 9,
produced by individuals of genotype Pgi-2* Pgi-3"")
was detected among 754 seedlings surveyed from the
field (Table 1). Six seedlings with this phenotype,
however, were recovered from the cross between
genotypes Pgi-2" Pgi-3" and Pgi-2* Pgi-3" (Table 2).

An examination of the segregation data (Table 2)
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Fig. 2 PGI zymograms of progenies from cross-pollinations (a—h) and open-pollination (i) of Pseudobombax munguba.
Parental trees are noted as Pgi-2/Pgi-3 genotypes. Progeny phenotype numbers and corresponding genotypes are as given
in Fig. 1. (a) aa/aa x aa/aa; progeny exhibiting the *fixed heterozygous’ banding pattern of the phenotype 1; (b) aa/aa x aa/
ab; progeny phenotypes: 1/1/1/1/2/2/2/1/2; (c) aalaa x ab/bb; progeny phenotypes: 5/2/2/5/5/5/2/5/5/5/5; (d) aa/aa x aa/ab;
progeny phenotypes: 5/4/5/5/4/4/5/5/4/5/4/4/5/4/5/4; (€) aalab x bblab; progeny phenotypes: 5/4/6/5/4/4/5/4/6/6/5/4/6; (f)
ab/ab x ab/bb; progeny phenotypes: 6/5/5/3/3/6/6/2/6/5/8/5/2/5/9; (g) aa/ab x ab/ab; progeny phenotypes:
4/2/4/4/3/5/5/5/2/1/6/4/2; (h) aa/ab x ab/bb; progeny phenotypes: 6/2/6/2/6/5/3/5/3/6/5/2/3/3/3/6/5/3/6/3; (i) ab/ab; progeny
phenotypes: 1/6/2/5/5/1/7/4/2/5/5/1/5.
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Table 1 Maternal and offspring genotypes for 30 open-pollinated families of Pseudobombax munguba at the Pgi-2 and

Pgi-3 loci
Offspring genotypes at Pgi-2/Pgi-3*
Genotype at
Tree Pgi-2/Pgi-3 aalaa aa/ab aa/bb ablaa ablab ab/bb bbjaa bb/ab bb/bb Total
0 aalaa 22 3 — 0 0 — — — — 25
3 aalaa 25 0 — 0 0 —_ — — — 25
3A aalaa 13 7 — 5 0 — _ — — 25
3B aalaa 12 4 — 8 0 — — — — 24
5B aalaa 24 0 —_ 0 0 — — — _ 24
5D aalaa 9 6 - 5 3 — — — — 23
5F aalaa 21 1 —_ 1 2 — — — — 25
6 aalaa 24 0 — 0 0 — —_ — — 24
8A aalaa 11 10 — 2 1 —_ — — — 24
10A aalaa 15 3 — 3 2 — — — — 23
10B aalaa 22 1 — 1 1 — — — — 25
10D aalaa 18 6 — 0 0 — — — — 24
12 aalaa 18 0 — 4 3 — — — — 25
17 aalaa 24 0 — 0 0 — — — — 24
21 aalaa 16 6 — 2 0 — — — — 24
N5 aalaa 16 3 — 2 3 — — — — 24
Ni12 aalaa 14 8 — 1 0 — - — — 23
N13 aalaa 17 3 — 5 0 — — —_ _ 25
M2 aalaa 20 2 —_ 0 2 —_— — — — 24
M8 aalaa 17 2 — 3 2 — — — — 24
A2 aalaa 11 9 — 3 0 — — — — 23
B3 aalaa 19 0 — 6 0 — — — — 25
11A aalab 10 9 2 1 1 1 — — — 24
22 aalab 9 9 4 0 2 1 — — — 25
B1 aalab 9 6 3 3 4 0 — — — 25
N2 aalab 1 5 3 5 10 1 — — — 25
N9 aa/bb — 12 5 — 8 0 — — — 25
S5E ablaa 5 0 — 17 1 — 2 0 — 25
w ab/ab 6 3 0 5 8 1 1 1 0 25
N3 bblab — — — 18 18 6 2 3 1 48
754

*Zero value is included when the genotype indicated could have arisen amongst the offspring of a given tree, but it was

not found.

showed that deviations from Mendelian expected
ratios were not significant for single-locus or two-
locus segregations in any of the families of the 14
crosses examined. Thus, the segregations were as
expected based on the two-locus diallelic model that
is proposed for the variation of PGI-2 and PGI-3
resolved in P munguba.

Discussion

The results of the present study support the
hypothesis that cytosolic PGI variation in P
munguba is controlled by two diallelic loci that
assort independently of each other and exhibit

© The Genetical Society of Great Britain, Heredity, 76, 531-538.

disomic inheritance. Previous studies on the mode of
inheritance of phosphoglucose isomerase (PGI) vari-
ation in plants have shown that in many species the
observed segregation pattern does not depart signifi-
cantly from Mendelian expectations (Adams &
Allard, 1977; Gottlieb, 1977; Torres et al., 1985;
Prentice & Giles, 1993; Rovira et al., 1993), whereas
others have shown that segregation distortion some-
times occurs (Adams & Joly, 1980; Strauss &
Conkle, 1986; Aravanopoulos et al, 1993). PGI
duplicated genes have been reported to assort inde-
pendently in Clarkia (Gottlieb, 1977, 1982; Gottlieb
& Weeden, 1979) and Corylus (Rovira et al., 1993),
but were found to be linked in studies on the auto-
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Table 2 Genotype segregation for Pgi-2 and Pgi-3 in the F, progenies from crosses of Pseudobombax munguba

Parent Parent Expected Expected Observed Chi- P

trees genotypes progeny ratio distribution square value

16 x 10C aalaa x aalaa aalaa 1 48

6x4 aalaa x aalaa aalaa 1 48

SFx12B aajaa x abjaa aalaa 1 37 0.36 0.549
ab/aa 1 32

12 x N2 aalaa x aalab aalaa 1 25 0.19 0.663
aalab 1 22

10C x N2 aalaa x aalab aalaa 1 25 0.82 0.365
aalab 1 19

0x11 aalaa x ab/bb aalab 1 23 0.08 0.777
ab/ab 1 25

4x1 aalaa x ab/bb aalab 1 9 1.96 0.162
ab/ab 1 16

SA x N3 aalaa x bbjab ab/aa 1 22 0.33 0.566
ab/ab 1 26

Al xN3 aalab x bblab ab/aa 1 14 1.13 0.568
ablab 2 20
ab/bb 1 12

N4 x N3 aalab x bbjab ablaa 1 11 0.46 0.795
ablab 2 23
ab/bb 1 14

Bl x11 aajab x ab/bb aalab 1 10 3.83 0.280
aa/bb 1 13
ab/lab 1 8
ab/bb 1 17

11 x N2 ab/bb x aalab aalab 1 16 1.07 0.784
aa/bb 1 13
ab/ab 1 15
ab/bb 1 11

Wx 11 ab/ab x ab/bb aalab 1 9 4.43 0.489
aa/bb 1 4
ab/ab 2 10
ab/bb 2 14
bblab 1 3
bb/bb 1 6

11A xW aalab x abjab aalaa 1 4 1.25 0.940
aajab 2 13
aa/bb 1 5
ablaa 1 7
ab/ab 2 12
ab/bb 1 7

polyploid complex of Dactylis glomerata (Lumaret,
1986).

As segregation distortion in families of the size
raised here can be detected only when it is of an
extreme kind (Mulcahy & Kaplan, 1979), the conclu-
sion that there was no segregation distortion in the
families of crosses examined in the present study
should be accepted with caution. However, the fact
that no deficit or excess of any particular genotype
was systematically observed within the 14 families

examined is evidence in favour of independent
inheritance.

No excess of genotypes identical to the female
parent was found among cross- and open-pollinated
progenies, suggesting that apomixis did not occur or
occurred at an undetectable level in the plants
tested. Furthermore, no apomict seedlings were
found among the 215 seedlings assayed from the
sixth to the tenth families listed in Table 2. In these
families any agamospermic seedlings would be
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unambiguously differentiated from those resulting
from crossing. Thus, although apomixis has been
reported to occur in the Bombacaceae (Baker, 1960;
Duncan, 1970; Oliveira et al., 1992), there was no
evidence of its occurrence in the present study of P
munguba.

The two cytosolic PGI loci of P munguba are
likely to be structurally very similar as their homo-
dimeric products associate to form interlocus hetero-
dimeric enzymes. It remains an open question
whether the postulated duplication of the PGI gene
in P munguba originated by the duplication of a
chromosome section by unequal crossing-over (as
proposed for Dactylis by Lumaret (1986)), by
chromosome rearrangements (as in Clarkia accord-
ing to Gottlieb (1977)), or as a result of allopoly-
ploidy (as further proposed for Clarkia by Gottlieb
& Higgins, (1984)). The high chromosome number
and the occurrence of another duplicated isozyme
locus (Pgm) in the species (R. Gribel & R. J.
Abbott, personal observation) could suggest that the
latter process (allopolyploidy) may be the more
likely cause of duplication of the PGI gene in P
munguba.

The nondistorted segregation ratios resulting from
the crossing experiments further suggest that there is
no detectable difference in fitness among the diverse
pollen and embryo PGI phenotypes (i.e. PGI pheno-
types were not differentially affected by selection at
least from pollination to seed maturation). Some
other studies, however, have indicated that cytosolic
PGI enzymes may vary in adaptive significance in
later developmental stages. Zangeri & Bazzaz (1984)
observed in Amaranthus retroflexus that seeds with
homozygous genotypes for PGI fast alleles were less
affected by low oxygen availability during germina-
tion than those homozygous for the slower allele.
Riddoch (1993), reviewing studies on a large range
of plant and animal species, presented evidence that
selection may favour PGI phenotypes with faster
enzyme mobility under some environmental condi-
tions such as high temperature, water stress and low
oxygen concentration. This is the suite of conditions
that P munguba experiences in the seasonally inun-
dated varzea habitat. Thus, it is feasible that PGI
variation may influence adaptation in P munguba,
and this may account for the predominance of the
Pgi-2* Pgi-3 genotype among trees in the study
area. Long-term selection may have favoured indi-
viduals homozygous for the faster cytosolic PGI
enzyme at both loci. Further experimental studies
are required to clarify whether there are any differ-
ences in vigour among the P munguba PGI pheno-
types raised under varzea conditions.
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The results of the genetic analysis of PGI varia-
tion in P munguba reported in this paper have
confirmed that the cytosolic PGI isozymes can be
reliably used as effective genetic markers in future
studies of the breeding and mating system of this
species. It has been established that: (i) all nine
two-locus phenotypes of cytosolic PGI are easily
identified; (ii) the two loci are unlinked and may be
assayed simultaneously in the same zymogram; (iii)
there is no evidence that selection acts differentially
among PGI phenotypes from pollination to seed
maturation; and (iv) there is no change in enzymatic
phenotype related to age (seedling or adult) of the
plants. Estimation of outcrossing rates at both
marker loci will be reported in another paper
together with the findings of other studies on the
mating system of P munguba.
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