Feedback control of organ size precision in the Drosophila eye
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Biological processes are intrinsically noisy and yet, the
result of development like the species-specific size and
shape of organs is usually remarkably precise. This preci-
sion suggests the existence of mechanisms of feedback con-
trol that ensure that deviations from a target size are min-
imized. Still, we have very limited understanding of how
these mechanisms operate. Here, we investigate the prob-
lem of organ size precision using the Drosophila eye. The
size of the adult eye depends on the rates at which eye pro-
genitor cells grow and differentiate. We first find that the
progenitor net growth rate results from the balance between
their proliferation and apoptosis, with this latter contributing
to determining both final eye size and its variability. In turn,
apoptosis of progenitor cells is hampered by Dpp, a BMP2/4
signaling molecule transiently produced by early differenti-
ating retinal cells.

Our genetic experiments show how the status of retinal
differentiation is communicated to progenitors through the
differentiation-dependent production of Dpp which, by ad-
justing the rate of apoptosis, exerts a feedback control over
the net growth of progenitors to reduce final eye size vari-
ability.

To dissect the dynamics of eye growth and differentiation,
we have devised a theoretical model that captures the essen-
tial biological processes involved. This model is defined by
three key variables: the width of the progenitor cell region
(@), the width of the differentiated retinal cell region (R),
and an intermediary strip of recently differentiated retinal
cells (R,,) that produce Dpp. These variables collectively
encapsulate the transformative stages of cellular develop-
ment in the eye.

The dynamics of these variables are governed by the in-
terplay of progenitor cell proliferation, apoptosis, and cellu-
lar differentiation, with transitions from progenitor cells to
newly differentiated cells (G — R,) and from newly dif-
ferentiated to fully differentiated retinal cells (R,, — R).
To account for the intrinsic stochasticity in biological sys-
tems, we have incorporated this interplay into a set of three
Langevin equations. These equations, with noise terms
modeling the fluctuations related to each of the basic pro-
cesses in play, effectively capture the fluctuations inherent
in the biological processes.

Our model faithfully reproduces the observed dynamics
of eye growth and differentiation in experimental settings.
Moreover, it provides a means to investigate the contribu-
tion of each process’s fluctuations to the asymmetry typi-
cally seen between the two eyes of a single fly. Through
linear stability analysis, we further demonstrate the stabiliz-
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Fig. 1. The eye primordium of the developing fly embryo
showing dividing progenitor cells (G) cells to the left and
differentiated retinal cells (R) to the right; in between a
narrow strip of newly differentiated retinal cells (R,,) pro-
duce Dpp. Dpp produced by newly differentiated cells in-
hibits apoptosis of progenitors, hedgehog produced in reti-
nal cells activates differentiation. These processes are mod-
eled through a set of differential equations, when including
stochastic terms, they reproduce the dynamics and variabil-
ity of eye development.

ing role of apoptosis in arresting eye growth. Consequently,
our model not only captures the dynamics of eye develop-
ment but also provides a framework for exploring the com-
plex interplay of the constituent processes and their roles in
developmental robustness.
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