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Glyoxylate Pathway in the Free-Living Stages of the
Entomophilic Nematode Romanomermis culicivorax

ROGER GORDON!

Abstract: Isocitrate lyase and malate synthetase, key enzymes of the glyoxylate cycle, were present
in postparasites of the mermithid nematode Romanomermis culicivorax. Specific activities of enzymes
were higher in adult postparasites than in newly emerged juveniles. Isocitrate lyase had a well-
defined pH optimum (7.5), whereas malate synthetase functioned optimally over a broad range of
alkaline pH (7.5-9.0). Substrate affinities of the two enzymes were measured.
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The mermithid nematode Romanomermis
culicivorax Ross and Smith is a promising
biocontrol agent of larval mosquitoes (18).
Some of the juvenile stages of this nema-
tode develop within the hemocoel of larval
culicids, abstracting and storing metabo-
lites from the insect’s hemolymph for
growth and development. Upon comple-
tion of parasite development, the mer-
mithid exits the host, piercing its interseg-
mental membranes or passing through
natural openings, to commence the free-
living phase of its life cycle. Molting of the
free-living juveniles (postparasites) to
adults, mating, and oviposition occur in the
substratum of the host’s fresh water habi-
tat. Eggs hatch to release infective juve-
niles (preparasites) that infect mosquito
larvae by penetration of their exoskeleton.

Free-living stages of mermithids are pre-
sumed to be nonfeeding (18,23), relying
for metabolism upon nutrients stored in
the trophosome during the parasitic
stages. In R. culcivorax, lipids, especially
triacylglycerols, constitute the predomi-
nant storage metabolite (4,9) and the en-
ergy metabolism of postparasites is accom-
plished initially by 8-oxidation of such lipid
reserves (5). It is improbable, however, that
oxidative catabolism could occur within the
pond sediment, a microhabitat of minimal
oxygen content (6). Accordingly, R. culi-
civorax is a facultative anaerobe (6) that re-
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lies upon carbohydrate metabolism via the
fumarate reductase pathway (7) once it has
burrowed into the substratum of the larval
mosquito’s habitat. Maintained under
aerobic conditions, postparasites were
found to increase their reserves of glyco-
gen at the expense of lipids during the ear-
ly portion of free-living development,
indicating the presence of a glyoxylate
pathway (8).

The glyoxylate cycle is common in mi-
cro-organisms, germinating seeds of higher
plants and spores of ferns, but of scattered
occurrence among metazoa (14). Enzymes
of the cycle have been demonstrated for
several species of free-living nematodes
(15-17,21,22). Among parasitic hel-
minths, however, enzymes of the glyoxyl-
ate pathway have been shown only for the
adult trematode Fasciola hepatica (19), the
acanthocephalan Moniliformis dubius (11),
embryonating eggs of the parasitic nema-
todes Ascaris lumbricoides (2) and Ascaris
suum (16,17), and postembryonic stages of
Strongyloides ratti (10).

My purpose was to ascertain whether
postparasitic juveniles and adults of R. cu-
licivorax possess isocitrate lyase and malate
synthetase, key enzymes of the glyoxylate
cycle, and to gain insight into the role of
the cycle by monitoring enzyme activities
at varying stages of postparasitic develop-
ment.

MATERIALS AND METHODS

A laboratory colony of R. culicivorax was
maintained by propagating the mermithid
through newly hatched Aedes aegypti (L.)
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larvae (1). Postparasites were obtained from
experimentally infected A. aegypti larvae
maintained at 27 C. Under these condi-
tions, postparasitic nematodes emerged
from hosts 7-9 days after infection. All
biochemicals used in this study were ob-
tained from Sigma Chemical Co., St. Louis,
Missouri, and were the purest available
commercially.

All enzyme assays were carried out using
postparasites (sex ratio ca. 2 males: 1 fe-
male) of known age that had been reared
(27 C) in distilled water in petri dishes (5).
To prepare enzyme extracts, nematodes
were washed twice in buffer (pH 7.5) by
centrifugation (250 g; 5 minutes). The
buffer used to wash the postparasites had
the same composition as that used subse-
quently to homogenize them. For malate
synthetase, a 50 mM Trizma (Sigma Chem-
ical Co., St. Louis, Missouri) buffer was
used, whereas isocitrate lyase assays were
done using a 0.1 M morpholinopropane-
sulfonic acid (MOPS) buffer containing 1
mM ethylenediamine tetraacetic acid, di-
sodium salt (EDTA), 5 mM MgCl, 1 mM
dithiothreitol (DTT), 0.2 mM phenylme-
thylsulfonyl fluoride (PMSF), and 20% (v/
v) glycerol (16,17). The nematodes (0.2—
0.3 ml packed volume after centrifugation)
were homogenized in 1-1.5 ml buffer us-
ing a motor-driven ground glass homoge-
nizer; the extract was subjected for 30 sec-
onds to sonic treatment (85 watts; 20 kHz)
using a Braun-Sonic 2000 sonicator (Can-
lab Laboratory Equipment, Dartmouth,
N.S., Canada). Extracts were clarified by
centrifugation at 34,000 g for 20 minutes
at 4 C. The supernatant was removed and
assayed immediately for isocitrate lyase or
malate synthetase activity.

Isocitrate lyase (E.C. 4.1.3.1) was assayed
colorimetrically (20). The reaction mix-
ture consisted of 3.45 ml assay buffer (ho-
mogenization buffer minus glycerol) and
0.1 ml of 0.04 M sodium-DL-isocitrate,
warmed (10 minutes) to 30 C. The reaction
was started by the addition of 0.05 ml en-
zyme extract and incubations carried out
at 30 C for 30 minutes. Under these in-
cubation conditions, the yield of glyoxylate

was determined to be linear with respect
to time over 2 l-hour incubation period.
The reaction was stopped by the addition
of 0.4 ml of 1 M oxalic acid, followed by
0.1 ml of 5% phenylhydrazine HCl. Gly-
oxylate in the sample was then determined
(13) and the specific activity expressed as
nmoles of glyoxylate formed - minute™-mg
protein!.

Malate synthetase (E.C. 4.1.3.2) was as-
sayed at 20 C (3). The reaction mixture
comprised 4.0 m] Trizma buffer (50 mM),
0.15mlof 0.1 M MgCl, and 0.1 ml of 0.002
M acetyl-CoA. Of this solution, 0.6 ml was
pipetted into each of two silica cells, fol-
lowed, in the test cell, by 20 ul of enzyme
extract. The reaction was started by the
addition of 20 ul of 0.02 M sodium gly-
oxylate and the consequent change in ex-
tinction of the reaction mixture at 232 nm
followed by use of a Shimadzu UV-260 re-
cording spectrophotometer (Shimadzu
Corportion, Kyoto, Japan). Specific activity
was expressed as nmoles acetyl-CoA
cleaved-minute™!-mg protein~?,

The protein content of the nematodes
was determined colorimetrically (12) using
bovine serum albumin as a protein stan-
dard.

Apparent Michaelis-Menton constants
for substrates were determined from dou-
ble reciprocal plots. Regression lines were
plotted by the least mean square method.

REsuLTs AND DISCUSSION

Postparasitic juveniles and adults of R.
culicivorax were found to possess both iso-
citrate lyase and malate synthetase, key en-
zymes of the glyoxylate pathway (Table 1).
This pathway consists of a cyclic set of re-
actions involving five enzymes. The other
three enzymes involved in the pathway,
malate dehydrogenase, citrate synthetase,
and aconitase, are also involved in the tri-
carboxylic acid cycle; their presence may
be inferred from the observation that
nematodes produced *CO, consequential
to B-oxidation of *C-palmitic acid (5). Ma-
late dehydrogenase has been assayed and
characterized from postparasites of this
mermithid (7). The finding that glycogen
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Fic. 1. Isocitrate lyase (IL, O~ — —0) and malate

synthetase (MS, @&——@®) from Romanomermis culici-

vorax (4 weeks after emergence from host): pH-en-
zyme activity curves. Activities expressed as percent
of maximum obtained at optimum pH. Each point is
the mean of 3-5 determinations.

reserves increased relative to lipids during
the first 10 days of postparasitic develop-
ment (8) indicates that the glyoxylate
pathway is functional in this mermithid.
Although isocitrate lyase and malate syn-
thetase have been found in several species
of free-living nematodes (21,22), in the an-
imal-parasitic nematodes S. raitti (10) and
A. suum (16,17), as well as in isolated species
within other helminth groups (11,19), a
functional glyoxylate pathway has been es-
tablished to date only for the eggs of A.
lumbricoides (2) and the postembryonic
stages of Caenorhabditis elegans (14,17).

Isocitrate lyase had a narrow pH opti-
mum of 7.5, whereas malate synthetase
functioned at maximum, or near-maxi-
mum, activity over a broad range of tested
pH conditions from 7.5 to 9.0 (Fig. 1). In
the eggs of A. lumbricoides, these enzymes
also function most effectively at alkaline
pH, but the pH optima for both isocitrate
lyase (7.7) and malate synthetase (9.0) are
separate and distinct (2).

Substrate concentration-reaction veloc-
ity curves were determined for isocitrate
lyase (Fig. 2) and malate synthetase (Fig.
3), and hyperbolic saturation curves were
obtained. The enzymes followed Michae-
lis-Menten kinetics, and double reciprocal
plots (inset of figures) were used to deter-
mine apparent K_s and V,, (Table 2). Ma-
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Fic.2. Substrate—activity curve for isocitrate lyase
in extracts of R. culicivorax postparasites (7 days after
emergence). Specific activities (V) are expressed as
nmoles glyoxylate produced-minute-mg protein='.
Each point is the mean of three determinations. Inset
is a double reciprocal plot of the substrate—activity
curve, 1/V being expressed as (nmoles glyoxylate pro-
duced-minute™-mg protein=!)~*.

late synthetase had more than four times
greater affinity for acetyl-CoA (0.71 mM)
than for glyoxylate (3.2 mM). The isoci-
trate lyase of R. culicivorax had a consid-
erably lower substrate affinity than did the
comparable enzyme extracted from C. ele-
gans and A. suum (17).

Several studies done on isocitrate lyase
and malate synthetase in helminths in-
volved measurements of enzyme activities
in units other than those used herein. How-
ever, the specific activities of both enzymes
in R. culicivorax fall within the range of

TapLE 1. Enzyme activities in Romanomermis culi-
civorax postparasites.

Specific activity}

Days post-
emergencet Isocitrate lyase Malate synthetase
0-2 0.25 = 0.08 4.35 + 0.62
g 1.49 £ 0.17 15.23 = 1.00
15 1.53 + 0.17 12.74 = 0.82
30 1.40 + 0.07 20.51 = 1.18

t Days postemergence from the host: 9 days postemer-
gence, nematodes are newly molted adults; 15 days after
emergence represents a stage of development when female
nematodes are ovipositing; by 30 days postemergence, female
nematodes have completed oviposition.

¥ Specific activity expressed as nmoles glyoxylate pro-
duced-minute™'-mg protein™ (isocitrate lyase) or nmoles ace-
tyl-CoA cleaved-minute™'-mg protein™ (malate synthetase).
Isocitrate lyase was assayed at 30 C, malate synthetase at 20
C. All values are means * SE of 4-7 determinations.
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Fic. 3. Substrate—activity curves for malate syn-

thetase in extracts of R. culicivorax postparasites (7
days after emergence), the substrates being acetyl-
CoA (Fig. 3A) and glyoxylate (Fig. 3B). Each point is
the mean of three determinations. Specific activities
are expressed as nmoles acetyl-CoA cleaved-min-
ute™!-mg protein!, Inset are double reciprocal plots:
(A) acetyl-CoA affinity; (B) glyoxylate affinity.

values obtained for S. ratti (10), M. dubius
(11), A. lumbricoides (2), and A. suum and C.
elegans (17). Isocitrate lyase activity re-
corded for F. hepatica (19) was several or-
ders of magnitude higher than for other
species examined.

Specific activities of isocitrate lyase and
malate synthetase were higher in newly
molted and sexually mature adults than in
newly emerged juveniles (Table 1), indi-
cating that the function of the glyoxylate
pathway is associated with free-living de-
velopment within the substratum of the
larval mosquito’s habitat, rather than with
the parasitic portion of the life cycle.

In other organisms studied, the glyoxyl-
ate pathway permits gluconeogenesis from
lipid sources. In circumventing the decar-

TasLE 2. Kinetic parameters of isocitrate lyase
and malate synthetase in Romanomermis culicivorax
postparasites.

Enzyme Km (mM) Vmax¥
Isocitrate lyase DL-isocitrate 26.32  3.33
Malate synthetase  glyoxylate 3.20 23.81

acetyl-CoA 0.71 33.33

+ Expressed as nmoles of product formed (isocitrate lyase)
or substrate utilized (malate synthetase) -minute™-mg pro-
tein™}, Enzyme extracts were prepared from postparasites 7
days after they had emerged from the host.

boxylation steps of the tricarboxylic acid
cycle and causing the production of suc-
cinate and malate from isocitrate (and ace-
tyl-CoA), the glyoxylate cycle replenishes
intermediates of the tricarboxylic acid
cycle, conserving carbon that would oth-
erwise be oxidized. It has been suggested
that the conversion of lipid reserves to gly-
cogen in R. culicivorax is necessary because
the pond substratum, in which adult nema-
todes develop, is essentially anaerobic (6,8).
R. culicivorax would appear to possess all of
the ingredients necessary for gluconeogen-
esis: a $-oxidation pathway (5) to generate
acetyl-CoA, a glyoxylate cycle, and phos-
phoenolpyruvate carboxykinase (7) to by-
pass pyruvate kinase, which catalyzes an
essentially irreversible transformation. The
evidence indicates that energy metabolism
of postparasites developing in the substra-
tum of the larval mosquito’s habitat is ac-
complished by a fumarate reductase path-
way (7), provision for which is furnished,
in part, by the glyoxylate cycle.
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