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遺伝子の働き

「シグナル分子」

遺伝子が
物性定数を変える

力が変形を引き起こして
形が決まる



実験風景
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Building the membrane-tube composite

Growth of the tube and the membrane is simply modeled as a change in the rest lengths between the nodes,
so that di↵erential growth (and thus the induced mismatch strain) arises when there are spatial variations in
these parameters in either the tube or mesentery, or because the rest lengths are not the same in the tube
and the membrane. Since our experimental observations show that there are no spatial variations in either
the growth of the edge of the mesentery or along the gut, but there is a mismatch strain ✏0 between the tube
and the membrane, we set at

am
= 1 + ✏0. We then use a damped molecular dynamics method to minimize the

system energy [11]. The resulting, mechanically stable, equilibrium geometrical configuration adopted by the
composite system can then be recorded for the particular choice of input parameters km, bm, kt , bt , at and ✏0.

Figure S7 |Rendering of the mesh model. The top image represents a mesh
calculated by our simulation procedure (this 3D image can be interac-
tively manipulated in the PDF version; Adobe Reader 9.4 or higher is
required), while the bottom image is the corresponding representation
of the same configuration (from the same point of view), obtained using
a rendering engine. The fine wrinkles in the mesentery are associated
with its very small bending sti↵ness, but are energetically insignificant
and do not e↵ect the gut looping patterns.

Results: sweeping the parameter space

The simulations are first used to determine the equilibrated configurations of the tube-membrane system in
a wide, yet realistic, range of input parameters values. For the membrane, in terms of the length scale at = ro

and of the e↵ective Young’s Modulus Em
h
ro
, we find that the experimental bending sti↵nesses of the membrane

encountered in this study (for both the biological mesentery and latex sheet) in the range 10�5 < bm < 10�3

has no detectable influence on the results presented here. Therefore we ran our simulations using the above
set of units, where km = 1, with bm = 10�4 for the membrane, and kt = 5.6bt for the tube where bt varies between
2 ⇥ 10�2 and 10 to cover a wide range that encompasses the experimental values measured in our study. For
each bt chosen in this range5, we investigated values of ✏0 between 0 and 100%.

The supplementary movie 1 (S1.mov) present the resulting equilibrium geometries for various choices of
these input parameters. Configurations with three values of bt are represented6 at the top, center and bottom
of each frame. The parameter ✏0 increases from one frame of the movie to the next while keeping the value
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Suppl info, Fig S7より引用

during the formation of the first loop at E5 (Fig. 1b) and later when
there were nine loops (E12) (Fig. 1b). We observed consistently
uniform proliferation with no significant differences along the
rostrocaudal axis of the gut tube, including at loop formation loca-
tions and between loops, as well as no observable azimuthal or radial
differences in proliferation rates at different cross-sections (Sup-
plementary Fig. 1), consistent with observations that the embryonic
gut tube cross-section remains circular along its length.

Because spatial constraints from the body cavity and the gut tube
alone cannot explain the reproducible looping, we instead considered
the dorsal mesentery, the webbed tissue that attaches the gut tube to

the embryo along its length. As looping morphogenesis is initiated,
the dorsal mesentery changes from a thick, asymmetric, multilayer
structure to a thin, double-epithelial sheet with no observable left–
right asymmetry (Supplementary Fig. 2).

To test whether the dorsal mesentery is integral to the intestinal
loops, we separated it from the gut surgically or enzymatically and
found that the intestine uncoils into a straight tube, indicating that it
was under compression. Simultaneously, the unconstrained dorsal
mesentery contracts when freed from the gut tube (Fig. 1c), indicating
that this tissue is under tension. Thus the gut–mesentery composite is
required to maintain the mature loops in the gut.

To find out whether the dorsal mesentery is also required for the
formation of the loops, we surgically separated a portion of the dorsal
mesentery from the gut in ovo, beginning immediately caudal to the
cranial (superior) mesenteric artery (SMA), at day E4, before loops
develop. Strikingly, where the mesentery and gut were separated, the
intestinal loops failed to form (Fig. 1d) even as normal loops formed in
locations rostral and caudal to it (Fig. 1d, green lines). Although we
were unable to cut the dorsal SMA in ovo during gut loop develop-
ment, once the loops had matured (E12), surgical dissection of the
SMA left the loops intact and in fact highlighted their periodic struc-
ture (Fig. 2c). This rules out any possible requirement for the SMA in
directing loop structure, and for the vasculature as well, as secondary
vessels develop only after the loops themselves have formed.

Although the gut grows uniformly, to investigate whether the
mesentery might grow inhomogeneously and thus force the gut to
loop at precise locations, we examined the proliferation rate of the
mesentery at E5 and at E12. There were no observed differences along
the rostrocaudal axis (Fig. 1b), suggesting that the growing mesentery
exerts uniform compression along the length of the gut, countered by
an equal and opposite tensile reaction on the mesentery from the gut.

Taken together, our observations suggest that uniform differential
growth between the gut and the mesentery could be at the origin of
loop formation. Because the gut tube is slender, with a length that is
much larger than its radius, it responds physically to the differential
strain-induced compression from the attached mesentery by bending
and looping, while remaining attached to the embryo rostrocaudally.
Most importantly, the fact that the gut relaxes to a straight configura-
tion whereas the mesentery relaxes to an almost flat configuration
implies that the tissues behave elastically, a fact that will allow us to
quantify the process simply.
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Figure 1 | Morphology of loops in the chick gut. a, Chick gut at embryonic
day 5 (E5), E8, E12 and E16 shows stereotypical looping pattern.
b, Proliferation in the E5 (left) and E12 (right) gut tubes (blue) and mesentery
(red). Each blue bar represents the average number of phospho-H3-positive
cells per unit surface in 40 (E5) or 50 (E12) 10-mm sections. Each red bar
represents the average number of phospho-H3-positive cells per unit surface
over six 10-mm sections (E5) or in specific regions demarcated by vasculature
along the mesentery (E12). The inset images of the chick guts align the
proliferation data with the locations of loops (all measurements were made in
three or more chick samples). Ant., anterior; post., posterior. Error bars, s.d.
c, The gut and mesentery before and after surgical separation at E14 show that
the mesentery shrinks while the gut tube straightens out almost completely.
d, The E12 chick gut under normal development with the mesentery (left) and
after in ovo surgical separation of the mesentery at E4 (right). The gut and
mesentery repair their attachment, leading to some regions of normal looping
(green). However, a portion of the gut lacks normal loops as a result of
disrupting the gut–mesentery interaction over the time these loops would
otherwise have developed.
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Figure 2 | Rubber simulacrum of gut looping morphogenesis. a, To
construct the rubber model of looping, a thin rubber sheet (mesentery) was
stretched uniformly along its length and then stitched to a straight, unstretched
rubber tube (gut) along its boundary; the differential strain mimics the
differential growth of the two tissues. The system was then allowed to relax, free
of any external forces. b, On relaxation, the composite rubber model deformed
into a structure very similar to the chick gut (here the thickness of the sheet is
1.3 mm and its Young’s modulus is 1.3 MPa, and the radius of the tube is
4.8 mm, its thickness is 2.4 mm and its Young’s modulus is 1.1 MPa; see
Supplementary Information for details). c, Chick gut at E12. The superior
mesenteric artery has been cut out (but not the mesentery), allowing the gut to
be displayed aligned without altering its loop pattern.
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鶏の腸のモデルと実験


