bioRxiv preprint doi: https://doi.org/10.1101/2020.08.14.251645; this version posted August 14, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Somite deformations buffer imprecise segment lengths
to ensure left-right symmetry

Sundar R. Naganathan,'* Marko Popovié,?> Andrew C. Oates *

Unstitute of Bioengineering, Ecole Polytechnique Fédérale de Lausanne, CH 1015, Switzerland

Institute of Physics, Ecole Polytechnique Fédérale de Lausanne, CH 1015, Switzerland

*To whom correspondence should be addressed

E-mail: sundar.naganathan @epfl.ch, andrew.oates @epfl.ch

The body axis of vertebrate embryos is periodically segmented into bilater-
ally symmetric pairs of somites. The anteroposterior length and boundary
position of somites are thought to be molecularly determined prior to somite
morphogenesis. We show that in zebrafish embryos, initial somite lengths
and positions are imprecise and many somites form left-right asymmetrically.
Yet, within an hour, lengths are adjusted, becoming more symmetric, through
somite deformations occurring independently on the left and right sides of the
embryo. This adjustment is directed by a combination of somite surface ten-
sion, external stresses from neighbouring tissues and convergence-extension
flows within somites. The ensuing left-right symmetry in somite boundary
positions follows as a straightforward consequence of the length adjustments.
Thus, the precision and symmetry of a fundamental embryonic morphological

pattern is ensured by tissue mechanics.

Vertebrates are characterized by a left-right symmetric musculoskeletal system that emerges
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from bilateral somites during embryonic development. Somites are 3D multicellular units, typ-
ically with an outer epithelial layer surrounded by a fibronectin-rich extracellular matrix, that
form by segmentation of the presomitic mesoderm (PSM) (/, 2). Errors in setting their antero-
posterior (AP) lengths affect downstream musculoskeletal morphogenesis (3—5) and left-right
(LR) asymmetries of the musculoskeletal system have often been observed in scoliosis pa-
tients (6, 7). The AP length of somites and their LR symmetry is generally thought to be deter-
mined in the unsegmented PSM by genetic oscillations of a segmentation clock and downstream
molecular prepatterns (/, 2, 5~12). While mechanical processes have also been associated with
somite morphogenesis (/3—17), their role in determining AP length and LR symmetry, if any,
is not understood. In general, a quantitative study of bilateral symmetry in somites is lacking
owing to the technical difficulty in following 3D somite morphogenesis simultaneously on the

left and right sides of embryos.

To study LR somite morphogenesis in real time, we performed multiview light-sheet mi-
croscopy of zebrafish embryos (Fig. S1, S2, Movie S1, S2) and first quantified the AP length,
L ap (Fig. 1A, Fig. S3), of somites one to eight. We observed that the initial L 4 p, immediately
after somite formation, was variable (Fig. 1B, Fig. S4A; Coefficient of Variation, CV, 0.12;
95% CI [0.11,0.14]). To check whether the molecular prepatterns that are thought to set L 4p
can explain this variability, we measured interstripe distance in mespb gene expression stripes,
which represent the first molecular indication of segment length in the anterior PSM (/8). We
observed the variability in L 4p to be similar in magnitude to that of mespb segmental lengths
(Fig. 1, D and E), suggesting that imprecision in L 4p could be the consequence of a variable
prepattern. Strikingly, within an hour after somite formation, L 4p adjusted and the variability
decreased (Fig. 1B; CV, 0.08 [0.07,0.09]; Fig. S4). By comparing the initial and one-hr lengths,

we identified LY, = 53 um (Fig. 1C), which we defined as the target AP length, towards which
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somites tended to adjust. In other words, somites with Lsp > LY tended to become smaller

and vice versa.

To investigate the mechanism of L 4 p adjustment, we first asked whether L 4p on one side is
influenced by lengths on the contralateral side. Comparing temporal changes in length between
corresponding LR somites, we observed that only somites with an initial length away from L%,
adjusted their lengths (Fig.1, F and G). In contrast, somites that formed with initial L 4p close
to L% » changed negligibly. Importantly, length changes occurred on the two sides only when
initial L 4p on both sides were away from L%, (Fig. 1, H and I). Combined, these results sug-
gest that L 4p changes are not driven by comparisons to the contralateral side, but rather are
independently determined by whether or not a particular somite has an initial length close to the

target length.

To check whether the presence of correctly formed somites on the contralateral side is re-
quired, we injected dominant negative (DN) fibronectin 1a mRNA together with DN fibronectin
1b in one of the cells at the 2-cell stage (Fig. 1J), which has been previously shown to perturb
somite formation on one side (/9). Injections resulted in 10% of the embryos bearing strongly
disrupted somites on one side (Fig. 1J). When L 4p of somites three to six was analyzed in
the somite-forming side, we observed that lengths adjusted towards the same L%, similar to
uninjected embryos, despite the absence of somites on the contralateral side (Fig. 1K). While a
possible cross talk mediated by fibronectin between the LR sides has been suggested (20), our
results indicate that L 4 p adjustment on one side does not require somite morphogenesis in the

contralateral side.

We next asked whether L 4p adjustment is accompanied by a change in cell number or
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somite volume. Even though cell numbers increased in all somites in the one-hour analysis
period (Fig. S5B), we observed no significant correlation (r, -0.18 [-0.47,0.1]) between change
in cell number and change in L 4p (Fig. 2A). Moreover, somites exhibited a negligible change
in volume (Fig. 2, B and C). This suggests that L ,p adjustment must be reflected in corre-
sponding changes in the other two dimensions of the somite. We therefore quantified 3D shape
changes (Supplementary Materials) and observed that mediolateral (ML) somite lengths de-
creased over time, while dorsoventral (DV) lengths increased, reflecting convergence-extension
(CE) in somites (Fig. 2, D-F, Fig. S5). The initial L,p was positively correlated (r, 0.51
[0.27,0.68]) with relative changes in ML length (Fig. 2G). Thus, somites with a smaller L 4p
tended to have an increased reduction of ML length and vice versa. In contrast, initial L 4p was
not correlated (r, 0.02 [-0.25,0.3]) with relative changes in DV length (Fig. 2H). These results
suggest that DV length dynamics do not contribute to L 4 p adjustment. Consequently, given the
conservation of volume, adjustments in L 4p are buffered by ML shape changes. These obser-
vations suggest that AP length robustness is associated with mechanical forces that drive somite

shape changes.

To understand if mechanical forces are sufficient for L 4p adjustment, we next sought to
develop a coarse-grained mechanical model of a newly formed somite, which we represent as
a cuboid of constant volume (Fig. 3D(a)). Mechanical stresses acting on the somite consist of
somite surface tension stemming from both extracellular matrix and somite epithelial cells, con-
tact stresses with surrounding tissues and internal active stresses driving CE flows. How these
stresses lead to somite shape changes is determined by the somite material properties, which
we investigated by culturing a single somite isolated from the embryo (Fig. 3A). Interestingly,
all explanted somites (N = 5) became spherical over time (Fig. 3B, Fig. S6, Movie S3) in the

absence of neighbouring tissues. While the anterior PSM at later stages has been reported to
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behave as a yield stress material (27), our results suggest that the explanted somite behaves as
a viscous fluid with surface tension I' (Fig. 3D(b)). Furthermore, the final spherical shape of

explants suggests that organisation of internal active stresses in a somite is lost when explanted.

To investigate contact stresses in the AP dimension, we performed laser ablation of the PSM
posterior to the most recently formed somite boundary. We observed that over time a bulge of
the somite boundary next to the ablated site appeared, indicating that a compressive normal
stress exists between the PSM and the somite (N = 6, Fig. 3C, Fig. S7). This is consistent
with previous experiments in chick (/3) and later stage zebrafish embryos (22). We include this
stress in the model as normal stress o, () acting on both the anterior and posterior surfaces of the
somite (Fig. 3D(c)). Along DV dimension, somites are sandwiched between neural plate and
yolk at early stages, imposing a constraint /() on the DV extension of the somite (Fig. 3D(d)).
Finally, we account for CE flows in the model through an internal active shear stress (23, 24).
For simplicity, we do not specifically account for contact stresses along ML dimension (Sup-

plementary Text) and we neglect frictional forces between somites and surrounding tissues.

Combining all these ingredients allows us to consider how a variation of AP length from the

constant target value 0 Lap = Lap — L?4 p evolves in time (Supplementary Text). We find,

2.11
Lypn

00 Lap = — 0Lap (D)

where 7 is the somite viscosity and LY, is determined by o,(t), I(t), internal active stresses
and T. Therefore, variations of L 4p are reduced in time over the time-scale 7 ~ nL%/(2.1T).
Consistent with Eq. 1, we find that changes in L 4p in vivo are proportional to their initial values
(Fig. 3E). A linear fit to the data yields the relaxation time-scale 7 = 1.6 &= 0.1 hr. We then

quantified the relaxation of explanted somites towards a spherical shape (Fig. 3F, Fig. S6) and
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found 7, to be 1.1 4= 0.4 hr, which is comparable to the L 4p relaxation time-scale 7 (Supple-
mentary Text). We conclude that even though L%, is determined by a combination of surface
tension, external stresses and CE flows, for a given LE, p- stresses generated by surface tension
can account for a major part of the observed adjustment. Thus, imprecise somite lengths are

tuned by tissue mechanics to ensure increased precision.

What is the consequence of these length adjustments for the bilateral symmetry of somites?
We reasoned that if both the posterior boundary of the head mesoderm (25) and cell flow into the
PSM are LR symmetric (26), length adjustments would simultaneously ensure LR symmetrical
somite lengths and segment boundary positions along the body axis. We tested this expectation
by first computing the AP length difference in left-right somite pairs. Initial length differ-
ences were variable without a bias in asymmetry between the two sides (CV, 0.1 [0.09,0.12];
Fig. 4, A and B), suggesting that many bilateral pairs form asymmetrically. The length dif-
ference decreased over time (CV, 0.07 [0.05,0.08]) and the initial variability in boundary posi-
tion difference (CV, 0.12 [0.1,0.14]) also decreased (CV, 0.09 [0.07,0.1]; Fig. 4C). The initial
length difference was positively correlated with posterior boundary position difference (r, 0.67
[0.51,0.8]) (Fig. 4E), but only weakly correlated with anterior boundary position difference
(r, -0.24 [-0.45,-0.03]) (Fig. S9B). This indicates that as new somite pairs form, their anterior
boundaries are symmetric, either because they were initially symmetric or because they had
already adjusted, and any asymmetries in length are predominantly a result of asymmetric po-
sitioning of the most recently formed boundary. A change in position of the posterior boundary
ensues, thus simultaneously leading to increased LR symmetry in both AP lengths and bound-

ary positions (Fig. 4, D and F).

The AP length of somites has been understood from the perspective of the segmentation


https://doi.org/10.1101/2020.08.14.251645
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.08.14.251645; this version posted August 14, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

clock and downstream molecular processes in the PSM, and bilateral somite formation has
largely been considered to be symmetric (27). Asymmetry was thought to arise only when
retinoic acid signalling was lost, exposing molecular prepatterns in the PSM to a gene expres-
sion program that determines left-sided organ positioning (/0-12, 28). However, our findings
that initial lengths are imprecise, but are adjusted by 3D somite deformations, show that this
perspective is insufficient to describe the length and symmetry of somites. In addition to the
prepattern, we argue that somite surface tension, external stresses from neighboring tissues and
CE flows within somites must also be included. Similar to the hypothesis proposed in (29), our
results suggest that the role of the prepattern is to provide a coarse allocation of material for
each somite, which is then fine-tuned by tissue mechanics. The LR differences in somite for-
mation observed here, in otherwise normally-developing wild type genetic backgrounds and in
constant environmental conditions, reawakens the idea that links subtle developmental failures
in left-right symmetry to idiopathic scoliosis in humans (30). Our work on 3D morphogenesis
in vertebrate mesoderm joins recent studies of mechanical processes reported to buffer hetero-
geneous cell growth in sepals in plants (37) and to enable straight cephalic furrow formation
in Drosophila embryonic epithelia (32), revealing mechanics as a general principle in ensuring

developmental precision.
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Figure 1: Initial somite lengths are variable and get adjusted independently on the left-
right sides (A) Map projected image of a 6-somite stage zebrafish embryo. Yellow lines, AP
length (L 4p) (B) Variability of L 4p of first eight somites decreases over time. (C) Comparison
of initial and one-hour L 4p. Blue, linear regression; dashed line, slope=1; black line, target
AP length, LY, (D) Dorsal view of a flat-mounted embryo stained for mespb (blue). (E) Com-
parison of third somite L 4p measured from live imaging and mespb in situ (arrows in (D)).
(F-I) Representative plots of LR somite pairs, where only somites with initial L 4p away from
L% (black line) adjust their lengths. (J) Schematic, DN fibronectin injection at 2-cell stage.
Representative embryo with somite formation on one side (arrows) and no visible somites on
the contralateral side. (K) Comparison of L 4p of somites three-six in the somite-forming side
of DN fibronectin injected embryos (red) and uninjected embryos (blue).
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Figure 2: AP length adjustment results from somite shape deformations (A) Comparison of
change in AP length and change in cell number. (B) Convex hull of segmented nuclei (red) from
a single somite. (C) Comparison of initial and one-hour somite volumes (r, 0.97 [0.95,0.98]).
Blue, linear regression in (C, E-G) and dashed line, slope=1 in (C, E, F). (D) Nuclei (cir-
cles) distribution of a somite undergoing convergence-extension. (E-F) Comparison of initial
and one-hour ML and DV lengths indicate decrease (r, 0.89 [0.82,0.94) and increase (r, 0.88
[0.82,0.93]) in lengths respectively. (G-H) Initial AP lengths are positively correlated with rel-
ative changes in ML length (L (1hr) — L (0hr))/Las(0hr) (G), and not correlated with
relative changes in DV length (Lpy (1hr) — Lpy (0hr))/Lpy (0hr) (H).
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Figure 3: Mechanics of somite shape changes. (A) Schematic of somite explant prepara-
tion. A, anterior; P, posterior; L, left; R, right; PSM, presomitic mesoderm; LPM, lateral plate
mesoderm; S, somite; N, notochord. (B) Explanted somite rounds up over time. (C) Ablation
(yellow) of PSM adjacent to recently formed somite boundary. Yellow arrow, bulging of bound-
ary. (D) (a) Schematic of somite dimensions. (b) Normal stress on somite surface due to surface
tension. (¢) Contacts (red) with PSM and anterior somite result in normal stress o,. (d) Left,
constraint [(¢) imposed on Lpy by neural plate and yolk. Right, snapshot of somite 3 from a
3-somite stage embryo. (E) AP length adjustment during the first hour is proportional to the
negative of its initial variation from L%, consistent with Eq. 1. Linear fit (blue) of the data
yields the relaxation time-scale 7. (F) Shape anisotropy of explanted somites over time. Insets,
representative initial and final shape.
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Figure 4: Somite lengths and boundary positions increase symmetry over time. (A) Vari-
ability in AP length difference between left-right somite pairs decreases over time. (B) Rep-
resentative images of left-right somite pairs with asymmetric initial lengths (green) and somite
boundary positions (pink) that adjust over time. (C) Variability in left-right boundary position
difference decreases over time. (D) Schematic of initial asymmetries in somite length (green)
and position (pink) adjusting concurrently. Dashed line represents aligned anterior boundaries.
(E-F) AP length difference between left-right somite pairs is positively correlated initially with
posterior boundary position difference (E), while no significant correlation is observed (r, 0.16
[-0.19,0.48]) after 1 hour (F). Blue, linear regression.

15


https://doi.org/10.1101/2020.08.14.251645
http://creativecommons.org/licenses/by-nc-nd/4.0/

