Mem Inst Oswaldo Cruz, Rio de Janeiro, Vol. 90(2): 281-284, mar./apr. 1995 281

A Molecular Genetic Study of the Variations in Metabolic
Function During Schistosome Development
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During their complex life cycle schistosomes alternate between the use of stored glveogen and
reliance on host glucose to provide for theiv energy needs. In addition, there is dramatic variation
hetween the relative contribution of aerobic versus anaerobic glucose metabolism during development.
We have cloned a set of representative cDNAs that encode proteins involved in glucose uptake, glyco-
lysis, Kreb s cycle and oxidative phosphorylation. The different cDNAs were used as probes to examine
the expression of glucose metabolism genes during the schistosome life cycle. Steady state mRNA levels
Jrom whole cercariae, isolated cercarial tails, schistosomula and adult worms were analysed on North-
ern blots and dot blots which were quantified using storage phosphor technology. These studies reveal:
(1) Iranscripts encoding glycogen metabolic enzymes are expressed to much higher levels in cercarial
tatls than whole cercariae or schistosomula while the opposite pattern is found for glucose transporters
and hexokinase transcripts; (2) Schistosomula contain low levels of franscripts encoding respiratory
enzymes but regain the capacity for aerobic glucose metabolism as they mature to adulthood: (3) Male
and female adults contain similar levels of the different transcripts involved in glucose metabolism.
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During their development, schistosomes un-
dergo profound morphological and biochemical
change. Free-living cercariae emerge from their
invertcbrate snail host into fresh water where they
employ oxidative glucose metabolism to provide
their high energy needs as they are propelled by
motile tails in their efforts to find and penetrate a
tinal, vertebratc host (Van QOordt et al. 1989). Du-
ring the invasion of this host, the cercariae lose
their tails and transform into schistosomula. Bio-
chemical studies suggest that this transformation
1s accompanied by a transition from an aerobic to
a more anacrobic energy metabolism (Von Kruger
et al. 1978, Thompson et al. 1984, Van Qordt et
al. 1989). In the vertebrate blood stream the schis-
tosomula develop int1o adults which generate large
amounts of lactate (Schiller et al. 1975) but have
been suggested to regain a greater reliance on aero-
bic metabolism (Coles 1972, Van Qordt et al.
1985).

Schistosomes begin the process of glucose me-
tabolism by transporting glucose across the tegu-
ment vsing a facilitated diffusion mechanism
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(Isseroff et al. 1972, Uglem & Read 1975, Comford
¢t al. 1988). Two full-length glucose transporter
CDNAs (SGTP1 and SGTP4) have been obtained
and shown to promote facilitated diffusion of gluco-
se¢ when expressed in Xenopus oocytes (Skelly et
al. 1994). Functional characterization of these pro-
teins tn oocytes shows that the properties of SGTP1
and SGTP4 are similar to those reported for whole
schistosomes (Skelly et al. 1994).

Once inside cells, glucose is phosphorylated by
hexokinase which prevents it from diffusing out
of the cell. Hexokinase has been reported to be the
rate-limiting enzyme in schisiosome glucose me-
tabolism (Shapiro & Talalay 1982, Tielens et al.
1985) and its cDNA has been cloned (Shoemaker
ctal. 1994). The phosphorylated glucose (glucose-
6-phosphate) may be broken down by glycolysis
through pyruvate to lactate or it may be stored as
glycogen. The Schistosoma mansoni enzymes STPI
and SGAPDH are involved in the glycolysis of glu-
cose-6-phosphate and their cDNAs have been
cloned (Shoemaker et al. 1992, Goudot-Crozel
1989). The complete breakdown of glucose to wa-
ter and carbon dioxide occurs following the im-
port of pyruvate inio the mitochondria and catabo-
lism via Krebs (TCA) cycle and electron transport.
S. mansoni CDNA encoding enzyme representa-
tives of the Krebs cycle (SMDH) and oxidative
phosphorylation (SCOX1) are availabie (Skelly et
al. 1993).
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Much of our understanding of the carbohydrate
metabolism of schistosomes has been determined
biochemically by examining the end products of
absorbed, radiolabelled glucose. The present study
uses the tools of molecular biology, together with
the newly available cDNA probes, to examine the
cxpression of the genes associated with glucose
uptake and metabolism during the transition of S.
mansoni cercariae into adults.

MATERIALS AND METHODS

Parasites - A Puerto Rican strain of S. mansoni
was maintained by passage through Biomphalaria
glabrata snails and CBA/J mice.

RNA preparation and transcript analysis -
RNA was recovered from whole cercariae. isolated
cercarial tails, mechanically transformed schisto-
somula and adult male and female worms as pre-
viously described (Skelly et al. 1993). RNA from
each stage was resolved by formamide gel electro-
phoresis and blotted to Nytran or doited directly
onto the membrane. Northern and RNA dot blots
were hybridized with DNA probes (below) and the
signal intensity was quantified using storage phos-
phor technology as previously described (Skelly et
al. 1993).

[INA isolation and probe production - Coding
DNA fragments from genes encoding proteins in-
volved in glucose uptake and metabolism were iso-
lated as follows. In some cases, a fragment was
amplitied by the polymerase chain reaction (PCR)
from adult or cercarial S. mansoni cDNA using
degenerate oligonucleotides based on evolution-
arily conserved amino acid sequence. This was do-
ne for the two glucose transporter proteins (SGTP1
and SGTP4) (Skelly et al. 1994), hexokinase
(SHEX) (Shoemaker et al. 1994) and the mitochon-
drial proteins malate dehydrogenase (SMDH) and
subunit 1 of cytochrome oxidase (SCOX1) (Skelly
et al. 1993). A fragment of the glyceraldehyde-3-
phosphate dehydrogenase (SGAPDH) gene was
amplified by PCR from adult cDNA using oligo-
nucleotides which were made based on the pub-
lished sequence of this cDNA (Goudot-Crozel et
al. 1989) and a fragment of the triosephosphate
isomerase (STPI) gene was amplified from the
complete, cloned STPI cDNA (Shoemaker et al.
1992). All PCR fragments were cloned and charac-
terized by sequencing or restriction mapping to
cnsure their identity. The fragments were radiola-
belled by the method of Feinberg and Vogelstein
(1983) using sequence specific primers rather than
random primers.

RESULTS

We have previously obtained DNA fragments
encoding proteins involved in glucose uptake
(SGTP1 and SGTP4, Skelly et al. 1994), phos-

phorylation (SHEX, Shoemaker et al. 1994), gly-
colysis (STPI, Shoemaker et al. 1992, SGAPDH,
Goudot-Crozel et al. 1989) and respiration (SMDH,
SCOX1, Skelly et al. 1993). Each of these cDNAs
has been utilized as a probe with which to exam-
ine transcriptl levels encoding these proteins in
cercanagc, schistosomula and adults. In most cases
the relative amounts of cach transcript was assessed
by quantitative RNA dot blots which were per-
formed scveral times and analyzed statistically
(Skelly et al. 1993). For the glucose transporters,
Northern blots were scanned using a densitometer
to estimate relative transcript abundance (Skelly
ct al. 1994). The results of these studies on glu-
cosc metabolism gene expression at different de-
velopmental stages is depicted diagramatically in
the Figure, nght panel. Filled circles identify stages
containing the highest level of transcript detected
in our studies, less-filled circles depict lower mes-
sage levels and empty circles indicate no detect-
abie signal.

Both glucose transporter mRNAs are poorly
expressed 1n whole cercariae (and are undctect-
able in cercarial 1ails) but are readily detectable in
schistosomula and at their highest level in adults.
SHEX mRNA levels are very high in both whole
cercariac and schistosomula and much lower in
cercarial tails and adults.
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Glucose uptake and metabolism during Schistosoma mansoni
development. Diagramatic representation of glucose uptake and
metabolism (left) and relative expression levels of transcripts of
selected proteins involved in the process (uppercase). SGTP1 and
SGTP4, glucoese transporter protein 1 and 4, SHEX, hexokinase;
STPI, tnosephosphate isomerase, SGAPDH, glyceraldehyde-3-
phosphate dehydrogenase; SMDH, malate dehydrogenase;
SCOXI, cytochrome exidase subunit |. The developmental stages
examined are indicated: C, cercanae; T, isolated cercanal tails, S,
schistosomula; A, adults. Relative expression levels are as fol-
lows: @ 75-100% expression, @ 75-50% expression; @ 25-50%
expression; & 10-25% expression; © < 10% expression; Ono de-
tectable expression.
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Transcripts encoding the enzymes of glycoly-
s1s and oxidative metabolism show the highest ley-
¢cls of expression in cercarial tails with fow to mod-
crate levels of expression in whole cercariae,
schistosomula and adults. Importantly the levels
of expression of the mitochondrial enzymes are
rclatively higher in adults compared with schisto-
somula (or whole cercariae).

DISCUSSION

In this report we summarize our knowledge of
developmental changes in the carbohydrate me-
tabolism of S. mansoni as asscssed by changes
In gene expression. We have cloned part or all of
several cDNAs cncoding proteins pivitol in the
uptake and utilization of glucose by these para-
sites and used them to assess steady state mRNA
levels during the cercaria to adult transformation.
While transcript levels clearly represent the capac-
Ity Lo express their encoded proteins, it is impor-
tant to note that regulation may also occur during
translatjon and through protein turnover and, thus.
mRNA abundance may not reflect the amounts of
the encoded proteins. Even variations in the abun-
dance of metabolic gene products cannot always
be interpreted in terms of their affect on glucose
metabolism since some proteins, such as GAPDH,
have been shown to perform separate functions
unrelated to metabolism (Singh & Green 1993).
In spite of thesc potential rescrvations, changes in
transcript levels reported in this study do largely
corroborate biochemicai investigations of glucose
metabolism in schistosomes and help resolve some
controversy regarding adult metabolism.

Cercariae - Cercariae exhibit very low levels
of glucose transporter mRNAs and this is presum-
ably a reflection of the fact that these organisms in
fresh water will likely not encounter cxogenous
glucosc. As cxpected, hexokinase is poorly ex-
pressed in cercarial tails since cercariae derive
energy from glycogen breakdown which docs not
require this enzyme. The transcript profile of iso-
lated cercarial tails is consistent with a prominant
acrobic metabolism there - high levels of SMDH
and SCOX1 transcripts as well as of the glycolytic
cnzymces examined (Bruceetal. 1971, Von Kruger
ct al. 1978, Van Oordt ct al. 1989). This supports
the view that the primary function of the tail is to
generate energy for propulsion. The overall tran-
script profile of whole cercariae is similar to that
of schistosomula (with the notable exception of the
glucosc transporter proteins). This suggests that
cercarial bodies, like schistosomula and unlike
cercarial tails, engage in anaerobic glucose catabo-
l1sm to a large degrec. Why cercariae should ex-
press such a high level of SHEX, though., is a puzzle
in vicw of the low SGTP transcript levels. Per-
haps the SHEX mRNAs arc stored in cercariae in

preparation for immediate use upon penetration
of the final host and the transformation to
schistosomula begins.

Schistosomula - One of the primary roles of
the invading schistosomula must be the uptake of
host glucose to supplant depleted reserves of gly-
cogen and to provide encrgy for subsequent de-
velopment. Commensurate with this hypotheseis
1s the increased expression of SGTP genes in schis-
tosomula to fulfill this function. At this stage,
high SHEX levels are important for phosphory-
lating the newly acquired glucose to prevent it
from diffusing back out and to prepare it for ca-
tabolism. Schistosomula which take up glucose
in vitro produce coplous quantitics of lactate indi-
cating a dominant anaerobic metabolism at this
development stage (Thompson ct al. 1984, Van
Oordt et al. 1989). High levels of glycolvtic tran-
scripts and low levels of SMDH and SCOX1 tran-
scripts obscrved in schistosomula is consistant
with this view.

Adults - In agrcement with the fact that adults
consume prodigious quantities of glucose, the high-
est levels of the two SGTP messages are seen at
this stage. The SHEX level, in contrast, is surpris-
ingly low. One explanation could be that the SHEX
mRNA detected here is a larval hexokinase and
that a second, adult-specific hexokinase cxists 10
phosphorylate the large amounts of glucose taken
in by the mature parasites. However, the com-
parable hexokinase kinetic measurcments obtained
using ¢ither larval or adult extracts, as well as the
partial purification and N-terminal sequencing of
an adult hexokinasc and its identity to the deduced
N-terminal scquence of SHEX strongly suggests
that the larval and adult enzymes arc the same
(Tielens et al. 1994). Perhaps.a more likely ex-
plaination is that the low level of SHEX mRNA in
adults rcflects the reported role of hexokinase as
the rate-limiting glycolytic enzyme in schistosomes
(Shapiro & Talalay 1982, Tielens ct al. 1985). In
this study. it is clcar that high SHEX transcript
levels correlate with lower acrobic metabolism
whereas those developmental stages with low
SHEX transcript levels exhibit a higher degree of
acrobic mctabolism. It may be that SHEX plays a
central role in controling the cclls response to ab-
sorbed glucosc and in the establishment of this
paticrn.

While the glycolytic transcript amounts in
schistosomula and adults arc comparable, the lev-
cls of the mitochondrial transcripts are higher in
adults. This 1s consistant with more recent data
showing that a significant proportion of adult en-
ergy 1s derived through respiration. which requires
mitochondrial function and results in the genera-
tion of carbon dioxide and water (Van Qordt ct al.
19835).
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The experiments with adults were conducted
on scparated males and females. Because the tran-
script levels of both were very similar the results
are presented together. Despite the fact that females
produce enormous quantities of eggs, a process
which requires a good deal of energy, our findings
suggest that the metabolic enzyme transcription
profiles of both males and females are simular.
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