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Mechanism for sex reversal by starvation in the teleost fish, medaka

Medaka employs an XX/XY genetic sex determination system and shows no sex
reversal (SXR) under laboratory conditions. However, sex-reversed individuals are
observed at a low frequency in natural environment. Although XY sex-reversed
females carry a mutation in the sex determination gene (dmy), only a small fraction
of sex-reversed XX males carry any genetic mutation. This observation suggests
that the sex of medaka is affected by environmental factors. I chose starvation as an
environmental factor because metabolism is associated with many reproductive
phenomena. Medaka larvae were starved for 5 days starting from the day of
hatching during sex differentiation. I found that starvation after 5 days of hatching
caused female to male SXR (20%). To examine the mechanism underlying SXR, I
counted the number of germ cells because the appropriate regulation of germ cells
is important for medaka sex differentiation. Although the number of type I (stem
type) germ cells was unchanged following starvation, that of type II (mitotically
dividing cystic type) germ cells decreased in starved XX larvae as compared with
that in regular feeding XX larvae. High-performance thin-layer chromatography
(HPTLC) and principal component analysis (PCA) based on metabolome data
(capillary electrophoresis time-of-flight mass spectrometry [CE-TOFMS], ion
chromatography-Fourier transform mass spectrometry [IC-FTMS], and liquid
chromatography tandem mass spectrometry [LC-MS/MS]) indicated that 5 days of
starvation induced changes in lipids and water-soluble metabolites.

These results raise the question whether the number of germ cells and/or

metabolic changes affect starvation-induced SXR. To address this question, I



generated XX larvae with a low number of germ cells, as seen in starved XX larvae,
without any metabolic changes using busulfan (3 pg/mL, 30 ng/mL) treatment. XX
larvae treated with busulfan showed no SXR, indicating that metabolic changes may
contribute to SXR under starvation conditions.

Pantothenate was identified as a candidate metabolite in starvation-induced
SXR based on two different metabolome data (CE-TOFMS and IC-FTMS). While
the level of pantothenate increased in starved XX larvae, the downstream
metabolites of the pantothenate metabolic pathway did not. The transcript level of
pankla, the gene encoding one of the rate-limiting enzymes in the pantothenate
metabolism pathway, decreased following starvation. I hypothesized that the
suppression of the pantothenate metabolic pathway is related to SXR. Consistently,
the 5-day suppression of pantothenate metabolic pathway using a Pank inhibitor (50
uM) after hatching resulted in female to male SXR (15%). The final metabolite of
the pantothenate metabolic pathway is CoA, an essential metabolite involved in
many metabolic pathways, including the tricarboxylic acid (TCA) cycle,
mevalonate pathway, and lipogenesis. Oil Red O staining énd HPTLC analysis
indicated that the level of triacylglycerol dramatically decreased after 5 days of
starvation. The suppression of the first step of lipogenesis, fatty acid synthesis,
with C75 (20 pg/mL) treatment for 5 days after hatching led to female to male SXR
(13%). These observations suggest that the alterations in metabolism, especially
pantothenate metabolism and fatty acid synthesis, induce female-to-male SXR. How
metabolism is related to SXR is, however, unclear.

I investigated this by evaluating the transcript levels of the already-known
sex-related genes (female genes: foxl2 and aromatase; male genes: gsdf and dmrtl)
in XX larvae with RT-qPCR. XX larvae after 5 days of starvation showed a
decrease in female genes (foxI2 and aromatase) and an increase in male genes

(dmrtl), suggesting that the increase in dmrt! expression in females may induce



SXR. I confirmed this hypothesis by subjecting dmrr! mutants (A13) maintained in
my laboratory to starvation for 5 days after hatching. The treated mutant XX failed
to show any SXR, indicating that dmrt! is necessary for starvation-induced SXR.
Taken together, 5-day starvation suppresses the pantothenic acid metabolism
and reduces fatty acid synthesis in XX larvae. Genetic females develop into males
owing to dmrtl expression. These results raise the possibility that lipids, including
fatty acids, repress dmrtl expression in female gonads. To address this possibility, I
focused on peroxisome proliferator-activated receptors (PPARSs) that can recognize
some lipids as ligands and regulate the expression of downstream genes. I found
that PPARca was expressed in the XX medaka gonad. Its recognition site was
approximately 1 kb upstream from the first ATG of dmrtl. Inhibition of PPARSs
using GSK0660 (20 uM) induced dmrt] expression in XX medaka gonads. All these
findings allow me to propose the existence of a novel regulation system for medaka

sex differentiation through lipids.
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