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Genic Balance Theory

Bridges' X:A Ratio Model of Sex Determination in Drosophila
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1. Introduction & Historical Background

The Genic Balance Theory was proposed by Calvin B. Bridges (1921, 1925) from his studies of chromosomal nondisjunction in
Drosophila melanogaster. Before Bridges, sex was thought to be determined simply by the presence or absence of a Y
chromosome, as in humans. Bridges' work on flies with abnormal chromosome numbers showed this could not be the case in
Drosophila — flies lacking a Y altogether could still be normal males, and flies carrying an extra Y could still be normal females.

Genic Balance Theory: Sex in Drosophila is determined not by the Y chromosome, but by the quantitative balance

(ratio) between the number of X chromosomes and the number of haploid sets of autosomes present in the
nucleus — the X:A ratio.

2. The Central Concept — the X:A Ratio

Every diploid Drosophila nucleus contains two haploid sets of autosomes (2A) along with its sex chromosomes. Bridges
proposed that female-determining genes are distributed on the X chromosome, while male-determining genes are distributed on
the autosomes; the ratio of these two opposing gene dosages — not their absolute number — decides the sex.

X : Aratio = Number of X chromosomes + Number of haploid autosome sets

A normal diploid female (XX) has two X chromosomes and two autosome sets, giving a ratio of 2/2 = 1.0. A normal diploid male
(XY) has one X and two autosome sets, giving a ratio of 1/2 = 0.5. Departures from these two ratios — obtained experimentally
through nondisjunction or polyploidy — produce a graded series of intermediate and exaggerated sexual phenotypes.

3. Bridges' Nondisjunction Experiments

Bridges studied females in which the two X chromosomes occasionally failed to separate during meiosis (primary
nondisjunction), producing eggs with either two X chromosomes or none. Fertilisation of such eggs gave rise to flies with
unusual sex-chromosome constitutions:

e XXY flies (2X, 1Y, 2A) — developed as completely normal, fertile females. Ratio = 2/2 = 1.0. The extra Y had no effect on
Sex.

e XO flies (1X, 0Y, 2A) — developed as males in external appearance and behaviour, ratio = 1/2 = 0.5, but were sterile
because spermatogenesis requires genes carried on the Y.

WHY THIS MATTERED

If the Y chromosome determined maleness (as in humans), an XXY fly should have been male and an XO fly should have been female
or intersex. Instead, sex tracked the X:A ratio precisely, while the Y chromosome affected only fertility. This was the decisive
evidence that Drosophila uses a fundamentally different sex-determining mechanism from mammals.

4. Classification by X:A Ratio

By combining varying numbers of X chromosomes with diploid or triploid sets of autosomes, Bridges obtained a continuous
series of sexual phenotypes that correlated exactly with the computed X:A ratio:

Example karyotype Phenotype Characteristics
0.33 1X: 3A Metamale (super male) Small, weak, very poor viability, sterile
0.50 1X: 2A (XO or XY) Normal male Normal morphology; fertile only if Y present
0.51 - 0.99 2X : 3A (0.67) Intersex Mosaic of male & female structures; sterile
1.00 2X :2A or 3X: 3A Normal female Normal morphology and fertility

> 1.00 3X:2A (1.5) Metafemale (super female) Small, weak, reduced viability, largely sterile



Sexual phenotype as a function of the X:A ratio
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Fig. 1. As the X:A ratio rises from 0.33 to 1.5, phenotype shifts continuously from metamale through normal male, intersex, normal female, to
metafemale.

Counting X chromosomes against autosome sets
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Fig. 2. The X:A ratio is a simple count: X chromosomes present, divided by the number of haploid autosome sets — orange bars represent X
chromosomes, grey blocks represent one complete haploid set of autosomes.

5. Triploid Intersexes

The strongest confirmation of the theory came from triploid (3n) females (3X : 3A, ratio = 1.0 — normal, fertile triploid
females). When crossed to normal diploid males, meiotic segregation of the extra chromosome set generated offspring with
many different combinations of X chromosomes and autosome sets. Plotting the phenotype of every resulting class against its
calculated X:A ratio produced an unbroken, continuous series from metamale to metafemale — strong quantitative proof that
the ratio itself, not any single chromosome, is the operative signal.

6. Role of the Y Chromosome

In sharp contrast to mammals, the Drosophila Y chromosome plays no role in sex determination. It is essentially devoid of
female- or male-determining genes relevant to the X:A balance; instead, it carries genes required for spermatogenesis.
Consequently:

e XO flies are morphologically male but sterile (no sperm production).

e XXY flies are fully fertile normal females (the Y is simply carried along, functionally silent in this context).

7. Molecular Basis — Numerator & Denominator Genes

Later molecular work (notably by T. W. Cline and colleagues) explained how the embryo actually reads the X:A ratio. A small
set of X-linked "numerator" genes (e.g. sisterless-a, sisterless-b, runt) produce dose-dependent activator proteins — two doses
in XX embryos, one dose in XY embryos. These compete against autosomally encoded "denominator" genes that produce
repressor activity roughly constant per autosome set.



The balance between numerator and denominator products decides whether the master regulatory gene Sex-lethal (Sxl) is
switched ON early in development:

e XX embryos (ratio 1.0): double numerator dose exceeds the denominator threshold — SxI is activated — female
developmental pathway (via transformer and female-specific doublesex splicing).

¢ XY embryos (ratio 0.5): single numerator dose is insufficient - SxI stays OFF — default male developmental pathway
(male-specific doublesex splicing).

NOTE

This molecular cascade is the modern mechanistic explanation of Bridges' purely genetic/quantitative discovery — the X:A "ratio" is,
at heart, a race between X-linked activator dose and autosomal repressor dose acting on one switch gene, SxI.

8. Comparison with Mammalian (XY) Sex Determination

Feature Drosophila (Genic Balance) Mammals (incl. Humans)
Primary signal X : A ratio (dosage balance) Presence/absence of Y (SRY gene)
Role of Y chromosome Fertility only (spermatogenesis) Determines maleness directly
XXY individual Normal fertile female Male (Klinefelter syndrome)

XO individual Sterile male Female (Turner syndrome)

XXX individual Metafemale (weak, subfertile) Female, usually near-normal

9. Significance & Limitations

9.1 Significance

e First theory to explain sex determination as a quantitative, dosage-dependent process rather than a simple qualitative
(present/absent chromosome) switch.

e Successfully accounted for intersexes, metamales, and metafemales observed in aneuploid and polyploid flies.

e Laid the foundation for the later discovery of the SxI-centred molecular sex-determination cascade in Drosophila.

9.2 Limitations

e Applies specifically to Drosophila and related Diptera; it is not a universal model of insect (or animal) sex determination.

e Other insects use different systems altogether — e.g. a dominant male-determining M factor in mosquitoes, or haplodiploidy
in Hymenoptera (bees, wasps).

e Does not by itself explain the biochemical mechanism — this required the later identification of numerator/denominator
genes and SxI.

Genic Balance Theory — Genetics Study Notes



