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INHERITANCE AND MAPPING OF HEXOKINASE-1 AND
PHOSPHOGLUCOMUTASE IN ANOPHELES ALBIMANUS
WIEDEMANN!

S. NARANG?, J. A. SEAWRIGHT® anp D. J. JOSLYN*

ABSTRACT. Electrophoretic techniques
were used to characterize hexokinase (k) and
phosphoglucomutase (Pgm) in the anopheline
mosquito, Anopheles albimanus Wiedemann.
Two zones of hexokinase activity were de-
tected, and inheritance studies were completed
for Hk-1, the fastest migrating locus in zone 1.
Hk-1 is tightly linked o reduced palmate on the

During recent years, studies have been
conducted on the cytogenetics and ge-
netics of Anopheles albimanus, the primary
vector of human malaria in Central
America. These studies have been pro-
ductive, and significant progress includes
mapping of morphological mutants
(Benedict et al. 1979), linkage group-
chromosome correlation (Rabbani and
Seawright, 1976), induction and charac-
terization of chromosome aberrations
(Rabbani and Kitzmiller, 1972, 1975,
Rabbani et al. 1977), and synthesis of a
genetic sexing system for the preferential
elimination of females (Kaiser et al.
1978). The genetic sexing strain,
MACHO, was implemented in a mass
production facility in El Salvador during
the conduct of a large pilot study on the
release of sterile males as a means of con-
trolling this species (Bailey et al. 1980). A
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left arm of chromosome 3. There was a single,
discernible locus for Pgm and a total of 5 alleles
was detected in laboratory stocks. Genetic
crosses were conducted with 3 of these alleles,
and the results indicated a loose linkage of
these codominant alleles to green larva (gl) on
chromosome 2.

list of the mutant markers available in An.
albimanus was given by Narang et al.
(1981).

With this background, enough basic in-
formation is now available for the initia-
tion of studies to develop genetic control
mechanisms. The proposed use of
chromosome aberrations for the control
of insect pests was summarized suc-
cinctly by Whitten and Foster (1975).

We are currently working on the in-
duction and characterization of
translocations, inversions, and compound
autosomes. After characterization, aber-
rations with the best potential for control
will be field tested to determine their
suitability for inclusion in autocidal con-
trol programs. Since any autocidal pro-
gram involving a heritable aberration will
require mass rearing and release, reliable
quality control techniques are needed to
monitor the mass production process and
the progress of the aberration in compe-
tition with the native chromosome type.

After release, the fate of an aberration
can be monitored either by examination
of the karyotype of field-collected
specimens or by the use of mutant
markers. Most morphological mutants
are not suitable for this purpose because
they are usually detrimental and suffer a
severe loss in fitness compared to wild
type. Also, when recessive traits occur in
heterozygous condition, it requires labo-
ratory matings and oviposition to reveal
their presence. In addition, it is not al-
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ways possible to obtain eggs from wild-
caught females. Therefore, examination
of cytological preparations will be of ut-
most importance in tracking the aberra-
tion. However, for the genetic monitoring
of mass production and cryptic variability
in the field population during the course
of a release program, the most readily
available method is the use of allozymes:
The codominant nature of allozymes
allows the visualization of the genotype of
a specimen after electrophoresis. The
isoenzymes of every insect sampled
provide data on its genotype. The
availability of a large number of
naturally-occurring allozyme variants
means that -each linkage group can be
marked at several locations. Thus, an
aberration, e.g. any inversion or com-
pound chromosome, can be tagged and
followed in a mixed population.

We have undertaken genetic studies on
several enzyme systems in An. albimanus to
identify and map suitable allozyme
markers. In this present paper, we report
our results on hexokinase (Hk) and
phosphoglucomutase (Pgm), including
the inheritance pattern, linkage group
analysis, and gene frequency of the alleles
in 4 laboratory ‘stocks.

MATERIALS AND METHODS.

Two laboratory strains of An. albimanus
were used to isolate homozygous stocks
for alleles of hexokinase (Hk) and phos-
phoglucomutase (Pgm): (1) gl rp st—This
strain is homozygous for the recessive
traits, green larva (gl) on chromosome 2
(Seawright et al. 1979a) and reduced pal-
mate (rp) (Seawright et al. 1979b), and

Table 1. Distribution of alleles of Hk-I and

nonstripe (st) (Rabbani and Seawright
1976) on chromosome 3. All 3 markers
are expressed during the 4th larval stage,
and st and g/ are also visible in the pupae.
(2) SANTA TECLA—This strain was
originally collected in El Salvador and
contains gl and st, as well as their domi-
nant alleles st* (stripe) and gi* (tan). A
strain homozygous for git, st*, and rp*
and another strain homozygous for gl¥, st,
rp* were isolated. The scheme used to
isolate stocks homozygous for the alleles
of Hk-1 and Pgm was the same as reported
by Narang et al. (1980a) and involved a
combination of single-pair and mass
mating procedures.

The various laboratory stocks that were
analyzed for gene frequency distributions
are listed in Table 1. Electrophoretic and
zymogram techniques employed in these
studies were reported by Steiner and
Joslyn (1979). For hexokinase, their
lithium and CA-7 buffer systems proved
better than CA-8 for resolution in An.
albimanus and were employed for analyz-
ing crosses. The CA-7 buffer system was
employed for the studies of Pgm. Tris
borate-EDTA buffer (Narang and
Kitzmiller 1972) was also used for
hexokinase in vertical acrylamide elec-
trophoresis for comparing zymogram re-
sults.

RESULTS

In Fig. 1, a summary is presented of the
variability in activity of hexokinase ob-
tained during the analysis of numerous
zymograms. There were 2 zones migrat-
ing toward the anode, but hexokinase ac-
tivity, as expressed by the banding pat-

Pgm in laboratory stocks of An. albimanus.

Frequency of allele

Hk-1 Pgm
Stock n S F n S 1 F
gl rp st 85 1.0 — 73 0.71 0.17 0.12
CAMPO 30 0.38 0.62 30 0.02 0.73 0.25
SANTA TECLA 48 0.43 0.57 75 0.18 0.73 0.09
APASTEPEQUE 27 0.46 0.54 34 0.50 0.12 0.38
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Fig. 1. A schematic drawing of hexokinase phenotypes revealed during developmental stages of
An. albimanus. At the Hk-1 locus more frequent phenotypes are S, F, and SF. XS is a very rare
electromorph and has not been investigated by genetic analysis.

terns, varied somewhat, depending on
the life stage (larva, pupa, adult) and age
of the adult. The Hk-1 locus was absent in
larvae and pupae, but showed strong ac-
tivity in the adult. The zymograms of
parents and their progeny on the same
gel clearly showed that the zone 1 bands
are under the control of 2 loci, Hk-I and
HE-2. Individuals homozygous at the
HE-1 locus showed a single band of either
slow (S) or fast (F) type, and the heterozy-
gotes showed the expected 2 bands of the
monomeric hexokinase. Most of the labo-
ratory strains are polymorphic for Hk-1
except the gl rp st which is fixed for S
allele (Table 1). A 3rd allele, X, with lesser
mobility, was rarely observed and merits
further study. In addition to the S and F
alleles of Hk-1, there were 2 other bands
commonly observed in zone-I. This two-
banded pattern is more than likely under
the control of a single locus, Hk-2. Both
bands were distinctly visible in larvae and
pupae, and the most anodic band stained
intensely in newly emerged adult females,
but with increasing age this band became
less visible in males. More work is re-
quired before the effects of age, sex, and
life stage on expression of the 2 bands can
be adequately assessed. A very low level of
variability was noted for the two-banded
Hk-2. Similarly, one-band or two-band
electromorphs in zone II are expressions
of the alleles of Hk-3.

Thus far, we have conducted inher-

itance and mapping studies for Hk-I, and
the crosses involving this locus are sum-
marized in Tables 2 and 3. Hk-1 assorted
independently from green larva (gl) (Table
2) and showed tight linkage to 7p on
chromosome 3. The linkage estimates for
st and rp are similar to the previous esti-
mate of 17.1 map units that was reported
by Seawright et al. (1979b). Work of
Narang et al. (1981) shows that 2 es-
terase loci (E-4 and E-8) are located on
the left arm of chromosome 3. Combin-
ing their estimates with the data in Tables
2 and 3, the following gene sequence was
obtained for chromosome 3.

ES..... Ed....Hbl . ..tp...... st

An electropherogram for Pgm in adult
mosquitoes is shown in Figure 2. For the
alleles we studied, a total of 6 phenotypes
were observed in laboratory populations,
and the banding pattern of parents and
their progeny on the same gel indicated
that they resulted from segregation of 3
alleles at a single, autosomal locus. Labo-
ratory strains differ in allelic frequencies
(Table 1). In addition to the locus in the
major zone, a 2nd (more anodic) zone of
weak activity was noted in gels incubated
for more than 3 hours. No polymorphism
was detected in this 2nd zone. When the
lithium buffer system (Steiner and Joslyn
1979) was used, this zone of weak activity
migrated cathodic to the 1st zone.
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Fig. 2. A photograph of a Pgm zymogram prepared from adult mosquito homogenates showing
at Pgm locus. The secondary Pgm band of variable activity is almost always present both in
homozygotes and heterozygotes. (Faint band in 4th sample from left).

In test crosses, Pgm assorted indepen-
denily of rp and st (on chromosome 3),
and a loose linkage was detected between
Pgm and gl (Table 4). A significant x2
value was not observed when crosses in-
volving gl and Pgm were analyzed sepa-
rately because the sample size was too
small to accurately detect a loose linkage.
However, for the combined data, a sig-
_nificant x% (= 12.51, P<.01) was calcu-
lated, and the maximum likelihood esti-
mate of map distance was 44.56+1.53,
which is undoubtedly an underestimate
of the true distance because of double
crossingover. The train gl is located near
the free end of 2R (Seawright et al.
1979a) at about 30 map units from the
centromere; therefore, Pgm is tentatively
assigned to the left arm of chromosome 2.

DISCUSSION

Genetic studies on hexokinases of
anopheline species were very limited until
recently when Steiner et al. (1979) de-
scribed polymorphism for several species
from Brazil. They noted 3 distinct zones
of activity for zymograms prepared from
adult mosquitoes. The zone located
closest to the anode was designated Hk-F,
and their data indicated this zone was
under the control of an autosomal local
with 2 co-dominant alleles. The heterozy-
gotes at this locus show 2 bands as ex-
pected. A middle zone (Hk-M) consisted
of 2 bands in each mosquito and was in-

terpreted as a one-locus—two-band sys-
tem. Homozygotes for the alleles at this
locus also showed 2 bands, differing only
in 1 of the 2 standard bands, and for
heterozygotes there were 3 bands. Their
slowest, third zone (Hk-S) consisted of a
one-gene—one-band type displaying
faint hexokinase activity, and 3 bands ob-
served at this locus indicated 2 codomi-
nant alleles. They also stated that Hk-F and
Hk-M are not completely independent, a
condition referred to as “simultaneous
heterozygosity” for these 2 lodi. Individ-
ual mosquitoes that were heterozygous
(three bands) at Hk-M almost always re-
vealed 2 bands for Hk-F. The reverse was
not true. This same sort of phenomenon
has also been observed in other
anophelines (Steiner-personal communi-
cation).

Our observations of hexokinase activity
in An. albimanus paralleled those de-
scribed by Steiner et al. (1979), with the
important exception that no “simulta-
neous heterozygosity” was seen. The
Hk-1, HE-2, and HE-3 designations which
we employed are comparable to Hk-F,
Hk-M, and Hk-S. A survey of several lab-
oratory sirains revealed polymorphism
for the Hk-1 locus, but there was never an
indication of any interaction between
Hk-1 and Hk-2. The location of Hk-1 on
3L provides a very useful tool for mark-
ing chromosome aberration stocks in-
volving chromosome 3.

The inheritance pattern and structure
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1 of hexokinase of An. albimanus show some
g o| 8 _ -~ . B similarities as well as differences from
B g’ _§ g Ea § gn n a similar studies-on other mosquito species.
£ E|E| o= SsE SZas Genetic analysis of hexokinase has been
= O It = =y 298 reported for Culex sp., Aedes aegypti (L.),
gb ‘E % E % E R and Culiseta inornata (Williston) (Narang
% & —— —— —— et al., unpublished), and popplations of
o L— £ diverse origin (Australian, Oriental, and
4 X ElehesSgosrnees® European) of the Culex pipiens complex
= g SoS—-SSSS— & i (Miles 1974). For the species studied by
_: @ Narang et al. (unpublishf:d) elecFr_o-
g phoretically detected hexokinase activity
L) was similar to that reported by Steiner et
g _ al. (1979) for anophelines of the sub-
2 g FrE SO NOYSSS genus, Nyssor.hynchus. There was one very
£ SRR ER= important difference. The 3 bands (2
2 bands of Hk-M and 1 band of Hk-F),
S which are the result of 2 loci in the
S . anophelines and other species, are due to
B §° = a single locus in the Boston population of
= S| § Culex pipiens molestus L. A homozygote
3 ‘At .g
£ | B | D ol 18 oy W I~ 10 100 produces a three-band phenotype and
g [[B|E|RPROS[OSBmgrD heterozygotes always show 6 bands. Work
pel é T by Miles (1974) suggested that the Hk-F
a;a & § = locus is migsing in those populations of
s % 3z !:he Culex pipiens complex th:«:lt he exam-
g g & ined. He also show?d no d}f-fer(-':nce in
s = expression of hexokinase activity in rela-
5° = tion to the stage of developmenF of the
= Sl Bl R SR = R - mosquitoes. However, in our studies of 11
& E - = - O = = species of anophelines and Culex quin-
§ quefasciatus Say from Brazil, the Hk-F
o zone was consistently absent when larvae
g and pupae were analyzed. These con-
g flicting results indicate a need for more
4 8 study on the effect of electrophoretic
g ZE |+ o o o0 o conditions and buffer systems on
8 & measuring hexokinase activity.
k=t S N Al]ozymes of Pgm qf A_n. albz.manus have
= o, oo § E & R & a simple monofactorial inheritance. The
I §o§,§a”’ °~°~§°§°§°§7§0 £ thi 1 .
- R af- Q_RQ.. & Soaral structure ot this enzyme results In a
g =, & E'; ; B e monomer molecule and thus mosquitoes
= x : X 3 x r;_\;\“x X Ixx heterozygous at the Pgm locus show 2
o N £% tham 5@50 bands corresponding to the respective
5 g 3 5§ B g0 o oy N alleles. This 1 gene-one band situation,
E SaPAe Al S T ArAT typical -of this species, holds true in 13
£ o 13“3,%%.5"&%?039?0?0 her i £ 3 heli
3 TEEE X T RE A2 other species of neotropical anopheline
< x o h-iﬁ- BAR-ARE v mosquitoes of the subgenus Nyssorhynchzfs
. o g x E x Z< E qo X 8 X EX (unpublished data). Though the same is
s g iw§o+ wiithmaiwitmi true for most of the palearctic
=~ Sl EPELT TS BB anophelines, a 1 gene-two band, with the
Ol sl 8 Rl ol Sl D

2nd weaker band migrating anodic to the
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principal band, has been reported to
occur in An. claviger (Meigen) and An.
maculipennis Meigen (Bullini and Coluzzi
1973). A different phenomenon occurs in
Culex p. quinquefasciatus Say where each
allele produces two bands of equal inten-
sity (Cheng and Hacker 1976). It is not
clear whether the second band is a pri-
mary gene product or represents post-
translational modification of the primary
genetic product. Further studies are
needed on these species to understand
better the genetic basis of the one gene-
two band electromorph patterns.

Although we isolated stocks homozy-
gous for only 3 alleles to study the inher-
itance and linkage group relationship of
Pgm in An. albimanus, a total of 5 alleles
‘was detected among various laboratory
strains of this species. Of these, the 3
more frequent alleles have been analyzed.
The remaining two alleles occur in low
frequency. Since single pair mating in this
species is not routinely feasible, no de=
tailed genetic analysis was possible on
these alleles. The relatively high level of
Pgm polymorphism in this species is con-
sistent with similar reports on other mos-
quito species. Among palearctic
anophelines of the subgenus Anopheles, a
total of 6 Pgm alleles have been reported
in sibling species of the An. maculipennis
complex, with 4 alleles in An. plumbeus
Stephens, 3 in the An. claviger (Meigen)
group, and 2 alleles in a single sample of
the Mediterranean species An. algeriensis
Theobald (Bullini and Coluzzi 1973).
Among anophelines of the subgenus Cel-
lia a total of 4 Pgm alleles was reported in
6 sibling species of the Ethiopian group of
the An. gambiae Giles complex. Three al-
leles occur in one population of a
Mediterranean species, An. hispaniola
(Theobald). In Neocellia a total of 5 alleles
occurs in various geographic strains of An.
stephensi Liston from Southeast Asia (Bul-
lini et al. 1971 a,c, & 1973 a,c).

Among Aedes mosquitoes as many as 7
Pgm alleles were found in 19 populations
of different geographic origin of Aedes
aegypti, a mosquito of wide distribution in
tropical, subtropical, and temperate zones

(Bullini et al. 1970 a, b 1972a, 1973b). A
total of 5 alleles occur in 19 natural
populations of different geographical
origin of 3 sibling species of Aedes mariae
(Sergent & Sergent) complex (Coluzzi et
al. 1971a,b and Coluzzi and Bullini 1971).
An analysis of 8 populations of Culex p.
pipiens and 6 populations of Culex p.
molestus Forskal from Italy revealed 3 to 6
Pgm alleles (Bullini et al. 1971b and
1973c¢).
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