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ABSTRACT

Phenotypic diversity is often thought to arise from the evolutionary modification of devel-
opmental processes. However, developmental processes are tightly coupled in space and
time, with each process initiating from conditions set by prior developmental processes.
While dynamical systems theory predicts that such initial conditions majorly determine a
system’s outcome, their importance as a source of phenotypic evolvability has been largely
overlooked. Here we we provide empirical evidence that phenotypic evolution can proceed
through changes in developmental initial conditions while the underlying developmental
process remains conserved. Somitogenesis is the process by which vertebral precursors,
known as somites, are periodically formed from the pre-somitic mesoderm (PSM). Somite
count (the total number of somites formed during development which will ultimately de-
termine vertebral counts) is thought to diversify through the evolution of components of
somitogenesis such as the frequency of the segmentation clock or the mechanisms driving
axial morphogenesis. In studying two closely related species of Lake Malawi cichlid fishes
that differ in their total number of vertebrae, we show that somite count has evolved with-
out changes to somitogenesis itself, rather by altering the size of the PSM at the onset of
this process. This work expands what we consider developmental drivers of phenotypic
evolution and highlights the importance of comparative studies in understanding the evo-

lutionary diversification of phenotypes.

INTRODUCTION

One of the longest-standing questions in biology is how organisms evolve to generate the
remarkable diversity of forms that we see in the natural world (Darwin, 1859). This ‘evolv-

ability’ underlies life's ability to adapt to ever-changing environments and exploit new eco-
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logical opportunities, resulting in a spectacular range of morphologies and innovations
across the tree of life. The evolutionary modification of developmental processes has been
found to often underlie the evolution of the adult phenotype, yet many of the mechanisms

by which developmental change leads to phenotypic evolution remain unclear.

Development can evolve in many ways, and alterations to the timing or duration of devel-
opmental events, known as heterochronic shifts, are among the best-studied (Raff, 1996).
Heterochronic shifts have been found to play a role in the evolution of a broad range of
phenotypes such as beak shape across Darwin's finches (Mallarino et al, 2012), bird skulls
(Bhullar et al, 2012) and crocodilian snouts (Morris et al,, 2019), all of which arose from
changes in the timing of cranio-facial development. Similarly, evolutionary changes in de-
velopmental pattern formation — heterotypic shifts — also contribute toward generating
phenotypic divergence as exemplified by the evolution of limblessness in snakes, which
has been driven by spatial changes in gene expression during development (Cohn & Tickle,

1999).

Gene regulatory networks play a central role in establishing the temporal and spatial or-
ganisation of developmental patterning, and evolutionary changes in these networks can
have profound phenotypic consequences. Heterochronic shifts caused by changes in bio-
chemical network parameters such as protein degradation rates, have been seen to un-
derlie inter-species differences in the tempo of neural differentiation (Rayon et al,, 2020)
and the frequency of the segmentation clock (Matsuda et al., 2020; Lazaro et al, 2023).
Changes to the architecture of gene regulatory networks, including substantial ones such
as gene co-option, underpin some of the most striking cases of morphological innovation,
such as the evolution of beetle horns and butterfly eyespots (Hu et al,, 2018; Murugesan
et al, 2022). Recently, attention has turned to the possibility that the evolution of mor-
phogenesis itself — independent of the underlying patterning mechanisms — may also
contribute towards phenotypic diversification (MUnster et al,, 2019; Petridou et al, 2021;
Busby & Steventon, 202 1; Fulton et al,, 2022a; Serrano Najera & Weijer, 202 3), although

concrete empirical examples of this are still scarce.

It is well established that modifying the developmental processes patterning adult traits in

the embryo often underlies the evolution of phenotypic diversity and novelty. However, how
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changes earlier in development might affect phenotypes patterned later remains poorly
understood. Developmental processes are tightly coupled in space and time, with each
process unfolding from the conditions set by the processes that preceded it. Theory, par-
ticularly dynamical systems theory (Jaeger & Monk, 2014; Verd et al, 2014; Crombach et
al,2016;Sdezetal,2022; Kadiyalaetal, 2025), has shown that initial conditions can exert
a strong influence over system trajectories, significantly altering the final phenotypic state.
Despite this, initial conditions have not yet been explicitly considered an evolvable parame-
ter in developmental evolution in the same way that rates, duration or network architecture
have. This gap limits our understanding of how variation arising earlier in development
propagates to influence later-forming traits and ultimately contributes to morphological

evolution.

Vertebral count is one of the most diverse traits across vertebrates, varying from less than
10 in some frogs to several hundred in snakes, all while being remarkably constant within
any given species (Hammond et al,, 2025; Bucklow et al, 2025b). Vertebrae develop from
somites, paired blocks of mesodermal tissue formed in the early vertebrate embryo on ei-
ther side of the developing spinal cord (Stickney et al,, 2000; Holley, 2007; Oates et al,,
2012). Somites are patterned periodically as the vertebrate embryo elongates posteriorly
during a process known as somitogenesis (Schroter et al,, 2008; Oates et al, 2012; Mc-
Daniel et al, 2024). Their formation is preceded by travelling waves of gene expression
which sweep across the pre-somitic mesoderm (PSM) from posterior to anterior (Holley,
2007; Oates et al, 2012: McDaniel et al,, 2024), providing temporal information that is
translated into periodic somite boundaries in the anterior PSM. These waves emerge from
a network of coupled genetic oscillators known as the segmentation clock, which drives os-
cillatory gene expression dynamics at the single cell level and controls the tempo of somite

formation (Schroter et al, 2012; Oates et al, 2012; McDaniel et al, 2024).

The position in the anterior PSM at which oscillatory states are converted into stable seg-
mental identities is defined by the wavefront. Originally proposed by Cooke and Zeeman
in 1976 as a positional threshold for segment determination (Cooke & Zeeman, 1976), the
wavefront has subsequently been suggested to be molecularly implemented by oppos-

ing gradients of signalling molecules such as Wnt and Fgf (Oates et al, 2012). More re-
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cent work, however, indicates that the wavefront may instead be generated by dynamic
FGF-ERK signalling (Niwa et al, 2011; Simsek & Ozbudak, 2018), in which oscillatory ERK
activity propagates over a posterior-to-anterior signalling gradient driving periodic somite
formation (Simsek et al,, 2023). As the PSM elongates, the wavefront regresses posteriorly
relative to the developing tissue (Cooke & Zeeman, 1976; Aulehla & Pourquig, 2010; Mc-

Daniel et al, 2024) leading to the generation of new somites.

While somitogenesis is conserved across the vertebrate tree, the underlying gene expres-
sion dynamics and morphogenetic mechanisms vary widely across species. There is a re-
markable degree of plasticity in the genetic components of the segmentation clock, and
its period differs between species (Krol et al,, 201 1; Hammond et al, 2025), with recent
in vitro studies showing up to fourfold differences in mammalian clock periods (Lazaro et
al, 2023). The morphogenetic mechanisms driving PSM elongation also diverge across
species; patterns of cell rearrangements, motility and proliferation have all been found to
be evolvable (Lawton et al, 2013; Bénazéraf et al,, 2010; Steventon et al,, 2016; Thomson
etal, 2021; Mongera et al, 2018; Romanos et al, 2024). Furthermore, the total duration
of somitogenesis differs widely between species (Hammond et al, 2025). Together these
data illustrate that somitogenesis is a highly evolvable and plastic developmental process,
which explains why it has been assumed that its evolution is responsible for the evolution

of vertebral counts.

Most of what we know about somitogenesis comes from studies in traditional model or-
ganisms such as mouse, chick and zebrafish (Oates et al,, 2012; Bénazéraf, 2019). While
the study of these systems has been very successful at elucidating general principles and
important species-specific differences in somitogenesis, the last commmon ancestor of these
species lived more than 400 million years ago. Divergence of these species over such a long
timescale obscures the developmental origins of evolvability: with co-evolution of many
developmental processes and the accumulation of neutral changes, it is impossible to tell
which processes evolve most readily, and which have causally contributed to changes in
vertebral counts. To overcome this limitation, we focus on a closely related species group,

the Lake Malawi Cichlid fishes, to study the evolvability of somitogenesis.

Lake Malawi cichlids are a powerful emerging model system in evolutionary developmen-
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tal biology (Turner, 2007; Santos et al,, 2023). Around 850 cichlid species have evolved in
Lake Malawi from a single common ancestor in less than a million years (Malinsky et al,
2018). In this short amount of time, cichlids have colonised every available niche in the
lake, exhibiting an astonishing degree of phenotypic diversity in traits such as body shape
and size, colour and pattern, cranio-facial morphology, social and breeding behaviours, and
vertebral counts which range between 28 and 40 (Bucklow et al,, 2025a, 2025b; Santos
etal,2023). Inthiswork, we take advantage of the close relatedness and spectacular diver-
sity of Lake Malawi cichlids to investigate the developmental basis of vertebral count evo-
lution. To do this, we compare somitogenesis in Astatotilapia calliptera, the extant Malawi
cichlid species thought to most closely resemble the ancestral phenotype of the radiation
(Malinsky et al,, 2018), which makes 33+ 1.63%% somites and 29.7+0.6 vertebrae with Rham-
phochromis sp. ‘chilingali’, one of the most elongated species in the lake catchment, which
makes 39 +1.838 somites and 36.5+0.6 vertebrae (Fig. S1, Bucklow et al, 2025b, previously
quantified in Marconi et al,, 202 3), resulting in a 25% difference in somitic counts between

the two.

Our results show that somitic counts have evolved without evolving somitogenesis: we find
thatthe tempo of somitogenesisis conserved, as are the mechanisms underlying PSM mor-
phogenesis. Instead, we see that the initial conditions of the process have evolved dramat-
ically, with the PSM being much larger at the onset of somitogenesis in R. sp. ‘chilingali’
than in A. calliptera. We see that this difference in the initial size of the tissue is enough to
increase the total duration of the process, increasing the total numlber of somites patterned
as a result without the need to evolve somitogenesis itself. Thanks to the short evolutionary
distances separating our model species, we provide an empirical example of phenotypic
evolution through changes in the initial conditions of a developmental process, rather than
through changes to the focal developmental process itself. We propose that this is a gen-
erally applicable mechanism of phenotypic evolution, particularly over short evolutionary

timescales, and one that may drive early diversification events during speciation.

RESULTS
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The duration of somitogenesis differs between A. calliptera and R. sp. ‘chilingali’, but
the segmentation clock frequency is conserved

We hypothesised that the increased number of somites in R. sp. ‘chilingali’ relative to A. cal-
liptera results from anincrease in the rate or duration of somitogenesis (Comez et al, 2008;
Hammond et al, 2025). To investigate this, we quantified the total number of somites in
embryos of known ages, staged in hours post fertilisation (hpf) (Fig.1.A-M). We found that
somitogenesis does not begin at the same time in both species: the first somite in A. cal-
liptera appears at ~33hpf, while in R. sp. ‘chilingali’ it appears five hours later, at ~38hpf
Fig.(2.B). Thisindicates that R. sp. ‘chilingali’ embryos take longer to complete earlier stages
of development including blastulation and gastrulation, than those of A. calliptera. Addi-
tionally, we see that somitogenesis takes longer to complete in R. sp. ‘chilingali’ than in A.
calliptera: Fig.Fig.2.B shows that A. calliptera embryos have a full set of somites at 68hpf,
while R. sp. ‘chilingali’ will not have the complete set of 39 somites until 80hpf Fig.(2.B).
The duration of somitogenesis is therefore increased in R. sp. ‘chilingali’ with respect to A.

calliptera, taking 42 hours compared to 35; a difference of seven hours.

We measured nascent somite length directly and found it to be broadly similar between
the two species, although a subtle difference suggests that this trait may be beginning to
diverge (2.C). Nascent somites in A. calliptera were consistently slightly longer at the same
stage than those of R. sp. ‘chilingali’, with an average difference of approximately 2% 5um
(Fig.2.C). Although the effect size is small (n® = 0.05), this observation is consistent with re-
ports from other vertebrate systems in which evolutionary increases in vertebral number are
accompanied by reductions in somite size (Seleit et al, 2026). In contrast, nascent somite
volume was statistically indistinguishable between species (p =682 0.11, two way ANOVA
also accounting for somite stage), and decreased over developmental time in both species
(Fig. 2.D, p < 0.001; n® = 632 0.53). Together, these results indicate that nascent somite
size is largely conserved between the two species, with only a subtle difference in somite

length but not in volume, despite their divergent somite numbers.

Thus, despite their divergent somite numbers, the two species show remarkably similar
somitogenesis dynamics: somites form at a conserved rate of approximately one every 66

min (0.91 somites-hr=1), and nascent somite size is largely conserved. At this shared rate,

6
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A. calliptera @

H.5ss | ~38hpf

Figure 1: Overview of cichlid somitogenesis. A-M: single optical section of flat-mounted DAPI-
stained (black) cichlid embryos at different somite stages (ss). Dorsal view, anterior to the left. All
embryos are shown on the same scale. Scale bar: 500 um. Arrows indicate the position of the
first and last somite. o: otic vesicle. c: cloaca.

the additional ~7 hrs of somitogenesis in R. sp. ‘chilingali’ is expected to produce ~6 ad-
ditional somites, closely matching the observed difference in average somite number be-
tween the species (39 vs 33). We therefore attribute the elevated somite count of R. sp.
‘chilingali’ primarily to an evolutionary increase in the duration of somitogenesis, rather

than a change in its rate or any substantial change in nascent somite size.
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Figure 2: The rate of somitogenesis is conserved between species, while nascent somite di-
mensions are largely similar. A. Somitogenesis rate in both species, computed for each clutch
with more than two timepoints. A. calliptera embryos older than 70hpf are excluded from the
analysis as they have finished producing somites at that stage. Clutches with limited temporal
resolution (data for less than two hours, and less than three samples) were also excluded. See
Methods section for details on how the somitogenesis rate was calculated. For this and all subse-
quent boxplots, the whiskers represent 1.5 times the interquartile range and the box represents
the interquartile range (25-75% percentile). The line stands for the median value, and the red
cross for the mean. B. Number of somites are plotted against time in hours post fertilisation
(hpf) in both species, A. calliptera is shown in yellow and R. sp. ‘chilingali’ in black. A linear regres-
sion was constructed for both species using the segmentation rate calculated in Fig. 1.A, and
the intercept was fitted using ordinary least squares. A. calliptera somite number = 32.1 + 1.09t
(one somite formed every 65.5mins). R. sp. ‘chilingali’ somite number = 36.8 + 1.11t (one somite
formed every 66.6mins), where t is time in hours post fertilisation. Sample sizes: 169 embryos
for A. calliptera across 11 clutches. 131 embryos for R. sp. ‘chilingali’ across 4 clutches. C. A.
calliptera have longer nascent somites than R. sp. ‘chilingali’. Nascent somite antero-posterior
length, measured from high-resolution confocal images of the PSM, is plotted against somite
stage for both species. A. calliptera somite length = 55.3 — 0.802ss (R?> = 0.33). R. sp. ‘chilingali’
somite length = 50.5 — 0.692ss (R* = 0.62), where ss stands for somite stage. Nac : 70. Ngc : 68.
(Nac/Nrc: sample size for A. calliptera and R. sp. 'chilingali’ respectively). D. Volume of the nascent
somite is the same between species. Nac : 30. Ngc : 44.
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PSM size differs significantly at the onset and early stages of somitogenesis between
R. sp. ‘chilingali’ and A. calliptera

We have shown that A. calliptera and R. sp. ‘chilingali’ differ in both the timing of somito-
genesis onset and its total duration (Fig.2.A-B), while the rate of the somite addition is con-
served between the two species. This suggests that evolutionary changes in the dynamics
of the segmentation clock have not contributed to the divergence in somite number be-
tween Lake Malawi cichlids, and instead points to the extended duration of somitogenesis
in R.sp. ‘chilingali’ as a potential driver of this divergence (Fig.2). To investigate the basis of
this difference, we characterised body axis morphogenesis during somitogenesis, focusing
particularly on the pre-somitic mesoderm (PSM), the tissue from which somites are pro-

duced.

The anatomy of the PSM and the tailbud is similar between the two cichlid species, the
only visually remarkable difference lies in the size of the tailbud at early stages of somito-
genesis which already by eye appears to be much larger in R. sp. ‘chilingali’ with respect to
A. calliptera (Fig.2.A-F). We quantified the morphodynamics of the PSM, measuring both
PSM volume and the number of cells in the PSM over the course of somitogenesis. We ob-
serve that the growth dynamics of this tissue change over time. Prior to 15 somite stage
(ss), there is no statistical evidence that the PSM changes in volume over time in either
species {p=6-54p=0.40; two way ANOVA testing the interaction between PSM volume and
somite count alongside species). After 15ss, the data are well-approximated by an expo-
nential decay curve in both species (Fig.2.H). It appears that prior to 15ss, loss of tissue to
the somites is balanced by lateral ingression of cells into the PSM, maintaining a constant
PSM volume. A similar period of constant PSM volume has been observed in zebrafish and
chick, although this is restricted to a much shorter window at very early stages, prior to 4ss
and 6ss, respectively (Gomez et al,, 2008). Beyond these stages, PSM volume decreases in
zebrafish, whereas in chick it initially increases before subsequently decreasing. This con-
trasts with the other species surveyed (lamprey, dogfish, mouse, and multiple species of
snake), in which PSM volume has not been reported to remain transiently constant at any

stage. (Gomez et al,, 2008).

A. calliptera and R. sp. ‘chilingali’ differ in PSM size, particularly at early stages of somito-

9
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Figure 3: PSM size differs between species only at the onset of segmentation. A-F. Single
confocal slices showing the anatomy of the PSM over time in A. calliptera and R. sp. ‘chilingali’.
In each panel, the middle image depicts a sagittal slice of the PSM at the level of the notochord,;
the bottom image depicts a dorso-ventral slice of the PSM through the notochord, from neural
tube to notochord, and the right image depicts a dorso-ventral slice of the PSM oriented medio-
laterally, at the middle of the PSM. Tissues are false-coloured as follows. PSM: yellow. notochord:
red. Neural tube: cyan. DAPI signal is shown in greyscale. Embryos are oriented anterior to the
left; scale bar 100um. All embryos to the same scale. (Caption continues on the following page.)
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Figure 3: (Caption continues from the previous page.) G. Quantification of PSM volume for both
species 5-15ss. Boxplots represent the upper and lower quartiles of the data, with the solid line
representing the median of the data. Red cross represents the mean of the data. Whiskers rep-
resent the largest value no further than 1.5 times the inter-quartile range of the plot. Nac : 21.
Nrc : 29. H. PSM volume over the course of somitogenesis. PSM volume was measured manually
as described in the Methods section. The trend line was fit to an exponential decay function using
nonlinear least squares. Nac : 64. Ngc : 63. 1. Quantification of number of cells in the PSM for both
species 5-15ss. Boxplots are laid out as for G. Cells were counted using a custom automatic script
described in the Methods. Nac : 9. Nge : 12. 3. Number of cells the PSM over the course of somi-
togenesis. The trend line was fit to a linear model using ordinary least squares. Nac : 29. Ngc : 28.
K. Principal component analysis (PCA) of given variables separates species only at early stages of
somitogenesis (prior to 15ss). The onset of segmentation is defined as the time before somites
epithelialize laterally, 1-5ss. Early segmentation is the period after 5ss but before the PSM sep-
arates from the lateral plate mesoderm, 5-15ss. Mid-segmentation is the period post 15ss but
before tail eversion: 15-25ssin A. calliptera and 15-30ss in R. sp. 'chilingali’. Late segmentation
is the period between tail eversion and the end of segmentation, 25-33ss in A. calliptera and
30-39ssin R. sp. 'chilingali’. L. Schematic of variables used for PCA. a: PSM length. b: notochord
length. c: PSM width. d: nascent somite length. e: Mesoderm progenitor zone (MPZ) length.
f: notochord length. Also measured and included were PSM depth, PSM length to width ratio,
PSM length to depth ratio, PSM width to depth ratio, and PSM length to somite length ratio. All
data points are plotted in grey, and data points for the indicated stage are coloured: (A. calliptera
yvellow, R. sp. ‘chilingali’ grey). Nac : 53. Ngc : 53.

genesis. Prior to 15 somites, the volume of the R. sp. ‘chilingali' PSM is on average 63+64%
larger than that of A. calliptera (Fig.3.GE;, p < 0.001, n? = 6250.27, two way ANOVA). Af-
ter the 15 somite stage, the exponential decay trend lines describing PSM development
in both species show that PSM volume remains larger in R. sp. ‘chilingali’ than than A. cal-
liptera throughout somitogenesis. This difference is also reflected in PSM cell number: prior
to 15 somite stage, the R.sp. ‘chilingali’ PSM has 57#60% more cells than that of A. calliptera
(P <0.0001, n? = 0.63, Fig.3.J) and this difference persists beyond the 15 somite stage (p =
0.047;m%>=0.12, Fig.3.J). R. sp. ‘chilingali’ are consistently larger overall, exhibiting greater
embryonic and PSM lengths over the course of somitogenesis (Fig.S3.A-D). However, while
the head occupies a similar proportion of embryonic length in both species, the PSM con-
sistently occupies a larger proportion in R. sp. ‘chilingali’ than in A. calliptera (FigS3E,G).
Thus, the PSM of R. sp. ‘chilingali’ is disproportionately larger than that of A. calliptera, even

beyond what would be expected from its greater overall embryonic size.

We performed a detailed quantitative comparison of the shape of the PSM over the course
of somitogenesis in both species by measuring the dimensions of the different regions
in the cichlid unsegmented tailbud: we measured the PSM length, width and depth, the

length of the notochord, the length of the putative mesodermal progenitor zone (MPZ), the

11
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nascent somite size, as well as the ratios between these values (11 metrics in total, Fig.3.L).
Principle component analysis (PCA) on this dataset separates embryos by stage, with onset
of segmentation stage embryos (2-5ss) occupying the lower right guandrant of the graph
plotting PC1 and PC2, early stage embryos (5-15ss) in the middle to middle right, mid-
somitogenesis embryos (15ss-25ss in A. calliptera; 15-30ss in R. sp. 'chilingali) are placed
in the middle, and late somitogenesis embryos (25-33ss in A. calliptera; 30-39ss in R. sp.
‘chilingali) on the left (Fig.3.K). Importantly, A. calliptera and R. sp. ‘chilingali’ cluster to-
gether at mid and late stages of somitogenesis, only segregating by species at the onset
and early stages of somitogenesis (Fig.3.K), with R. sp. ‘chilingali’ tending towards higher
PC2 values than A. calliptera. This suggests that the morphometric differences in tailbud
shape between species are most pronounced and only significant at the onset and early

stages of somitogenesis.

Within species, all tailoud measurements are significantly associated with somite stage (Ta-
ble S1). After correcting for multiple testing and accounting for somite stage, only PSM
length, notochord length, PSM length to somite length ratio, and MPZ length were found
to differ between species (Fig.54, Tables S1, S2). All of these are ultimately a consequence
of the larger PSM length in R. sp. ‘chilingali. notochord length is tightly correlated with
PSM length, and the difference in PSM length between species with the conserved somite
lengths explains the different PSM length to nascent somite length ratios. Finally, the in-

creased size of the MPZ could indicate a larger pool of progenitor cells in R. sp. ‘chilingali’.

We next used these data to establish whether species differences are established at the on-
set and early stages of somitogenesis, or instead involve changes to the process of somito-
genesis. Ifdifferences in PSM length between species are set at the onset of somitogenesis,
we would observe growth curves with different intercepts but similar slopes. Alternatively,
if the rate of change in PSM length differed between species throughout somitogenesis,
we would see growth curves with differing slopes, potentially pointing at differences in the
mechanisms regulating PSM length between species. For all the measurements which dif-
fer between species, our data supports the first possibility: the intercept differs, but not the
rate of change over the course of somitogenesis. This indicates that the morphogenetic

processes are conserved but that the initial conditions have evolved (Fig.S4, Tables S1, S2).
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We have shown that PSM dimensions differ most during the onset and early stages of somi-
togenesis, prior to the 15 somite stage. In particular, we observe that differences in PSM
and embryo length are already apparent at the earliest stages of somitogenesis. Between
the 1- and 5-somite stages, the PSM of R. sp. 'chilingali’ emlbryos is close to 10% longer
thanthat of A. calliptera embryos (p = 0.047, Figure 41). This difference increases to 24% be-
tween the six- and 15-somite stages, possibly coinciding with a period of continued lateral
ingression of presumptive PSM cells as this tissue forms. Total embryo length also differs
significantly between species at the 1-to 5-somite stages (p = 0.004 3, Figure 41), with R. sp.
‘chilingali’ embryos being 13% longer than A. calliptera embryos, and the difference nar-
rowing to 10% through the six- to 15-somite stages. These data show that species-specific
differences in embryonic and PSM dimensions arise by and during the early stages of somi-

togenesis.

Taken together, our analyses show that these two cichlid species differ most markedly at
the onset and early stages of somitogenesis. We find that differences in traits such as PSM
volume and length, amongst others, are established early in somitogenesis, and possibly
before, rather than arising from any species-specific rates of change during somitogene-
sis. This suggests that while the initial conditions of this developmental process differ be-
tween species, the processes driving axial elongation during somitogenesis appear to be
conserved in both cichlid species. Our data thus support a scenario in which the increased
somite number in R. sp. ‘chilingali’ evolved through changes in initial PSM size, rather than

by modifying PSM morphogenesis or axial elongation during somitogenesis.

Both species begin somitogenesis with one somite, and add somites sequentially
thereafter.

In order to establish that total somitic counts indeed depend on the size of the PSM at
early stages of somitogenesis, it was important to establish whether either species forms
significant numbers of segments simultaneously at the onset. We fixed embryos at hourly
intervals at early stages of somitogenesis. When obtaining embryos with 0-4 somites for
both species, these clearly show that neither species forms any somites simultaneously,
consistent with findings in zebrafish and chick (Fig.S5, Fig.S6, Fig.4) (Schréter et al,, 2008;

Maia-Fernandes et al,, 2024). Furthermore, we found no difference in the early versus later
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Figure 4: Anatomy of the early embryo and unsegmented region at the onset of segmen-
tation. A-H. \Whole-mount, dissected cichlid embryos stained with DAPI (nuclei) and phalloidin
(actin). Images to the left (A-H) are shown complete, with nuclei in grey. Images to the right,
A'-H'. magnify the unsegmented region, and show actin/phalloidin in grey. Individual tissues
are false-coloured as follows: neural tube: cyan; notochord and notochord progenitors: green;
somites: red; approximation of the unsegmented mesoderm: yellow; ectoderm: dark blue. Scale
bar: 500 um. All embryos are oriented with anterior to the left and are shown in a dorsal view. 1.
PSM and embryo length at the onset of segmentation (2-5ss) and early segmentation (6-15ss).
Boxplots are laid out as in Fig.3GC & I. 2-5ss: Nac : 18. Ngc @ 14. 6-15ss: Nac : 32. Ngc : 61. C", G™:
outlines of embryos in C and G, aligned by the anterior boundary of the PSM, to highlight the
differences in size between species. Colour-coded as for A-H.
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rates of somitogenesis nor between species: while the breeding behavior of cichlids means
that development within a clutch is asynchronous and that there is variation in the num-
ber of somites represented at each time-point, it appears that somites also appear approxi-
mately once every hour at the onset of segmentation, as they do at later stages (Fig.S5 and
Fig.56).

Despite the fact that R. sp. ‘chilingali’ embryos at the onset of somitogenesis (1-5ss) are
older (in hpf) than their A. calliptera counterparts, the early anatomy of these embryos is
indistinguishable between both species. Compared to embryos at later stages of somito-
genesis, in early somitogenesis the PSM appears morphologically continuous with the lat-
eral plate mesoderm, and somites have not yet epithelialised laterally (compare Fig.4 and
Fig.3.A-F). The only obvious difference between species lies in the overall size of the embryo
and in particular, of the PSM, where as already shown above, the PSM in R. sp. ‘chilingali’ is
bigger than in A. calliptera. These data further support the notion that it is the initial size of
the PSM that determines total somitic counts, and that species-specific differences in PSM

size are established prior to the onset, and at the early stages of somitogenesis.

The molecular anatomy of the tailbud is indistinguishable between species

To test whether the observed similarities in PSM morphodynamics were reflected at the
molecular level we characterized the expression of genes known to be important for PSM
morphogenesis and somite patterning across vertebrates in both A. calliptera and R. sp.
‘chilingali’. These included the gene tbxta, which is required for the specification both of the
notochord and the posterior body in vertebrates (Schulte-Merker et al, 1992, 1994 Martin
& Kimelman, 2008, 2010). As in other vertebrate embryos studied, thbxta is expressed in
the notochord both in A. calliptera and R. sp. ‘chilingali’, as well as in the germ ring in early
embryos (Fig.5A, B, D', E'). At early and mid stages of somitogenesis, tbxta is expressed
in the notochord and in the posterior-most region of the PSM. tbxta expression is similar
between species, and indistinguishable when quantified at early and mid segmentation
(Fig.5A, B, D, E' F).

The genes tbx16 and msgn are required for correct cell motility patterns in the zebrafish

tailbud, where they are expressed in a posterior-to-anterior gradient (Manning & Kimelman,
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Figure 5: Patterning of the PSM is indistinguishable between species. A-B. Single confocal
sections of very early somitogenesis stage embryos (3ss) simultaneously stained for DAPI, tbxta,
tbx16, msgn, and tbx6. Scale bar: 100um. Thick white lines outline the nascent somites, noto-
chord, neural tube, and unsegmented region boundary. €. Normalized gene expression mea-
sured across multiple embryos. Length and amplitude normalisation performed as described in
the Methods section. In brief, tbx6 and tbx16 expression is measured along the middle of the
PSM and across the same line for each gene. Nac : 6. Ngc : 2. D., E. Single confocal sections of
early somitogenesis stage embryos (9-10ss) simultaneously stained for DAPI, tbxta, thbx16, and
tbx6. Scale bar: 100um. Thick white lines outline the nascent somites, notochord, neural tube,
and unsegmented region boundary. (Caption continued on the following page.)
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Figure 5: (Caption continued from the previous page.) F. Normalized gene expression measured
across multiple embryos, as in C. G-H. Single confocal sections of mid-segmentation stage em-
bryos stained simultaneously for DAPI, tbxta, tbx16, msgn, tbx6, and MyoD. Thick white outlines
outline the PSM, notochord, and neural tube. I. Quantifications of spatial gene expression for each
gene at mid somitogenesis stages, normalised as described in the Methods section. The spatial
expression of tbxta, tbx16, msgn, and tbx6 was measured along the same line, across the mid-
line of the embryo. The expression of MyoD is measured along the adaxial layer of cells. Nac = 2.
Nrc : 3. A. calliptera are 20ss or 60% somitogenesis, R. sp. 'chilingali’ are 25ss or 65% somitoge-
nesis. All embryos are oriented anterior left and shown in a dorsal view. Different channels of the
same embryo are shown in each row, except for A",

2015). This expression pattern is conserved in cichlids, and when quantified, the slope and
position of the expression domain is indistinguishable between both species at early and
mid-segmentation (Fig.5A" B", A", B" C, D" E", F, G", H", G", H" I). The gene tbx6 is required
for somite specification (Nikaido et al,, 2002; Ban et al,, 2019), and in R. sp. ‘chilingali’ and
A. calliptera it is expressed in a broad domain of gene expression in the anterior PSM, as
expected, with a sharp anterior boundary and a more shallow posterior boundary, similar
to the pattern that has been reported in zebrafish (Nikaido et al, 2002; Ban et al., 2019)
(Fig.5A™ B"™ C,D" E” G" H"). Aswith the other genes quantified, spatial expression of tbx6
inthe PSMisindistinguishable between both cichlid species at early and mid segmentation

stages.

Finally, MyoD is involved in muscle development in the newly formed somites (Weinberg
et al, 1996; Osborn et al, 2020), and is expressed in nascent somites and in a single row
of cells directly adjacent to the notochord - the adaxial cells - in both species (Fig.5.D"", E"™
F). When quantified, the expression of this gene, like that of all other genes characterised,

is also indistinguishable between the two cichlid species.

Altogether, our data indicate that A. calliptera and R. sp. ‘chilingali’ do not differ in the
molecular patterning of the PSM at early or mid segmentation stages. This supports the
notion that the molecular mechanisms underlying the development of the PSM during

somitogenesis are conserved in these species.

DISCUSSION
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Lake Malawi cichlids have evolved increased somitic counts by modifying the initial
conditions of somitogenesis

Altogether, our results indicate that R. sp. ‘chilingali’ has evolved an increased number of
somites by altering the initial conditions of somitogenesis rather than by modifying the pro-
cess of somitogenesis itself. While R. sp. ‘chilingali’ and A. calliptera differ in the duration
of somitogenesis, which takes seven hours longer in R. sp. ‘chilingali’ than in A. calliptera,
the rate of somitogenesis is conserved between the two (Fig.1.N&O). Furthermore, somites
were found to form sequentially throughout somitogenesis in both species, with no evi-
dence of simultaneous formation of somites or a difference in the rate of somitogenesis,

even at the onset of somitogenesis (Fig.4).

Our results contrast with those reported by Marconi and colleagues, who identified a statis-
tically significant increase in somitogenesis rate in R. sp. ‘chilingali’ relative to A. calliptera
(68 minutes per somite in R. sp. ‘chilingali’ and 74 minutes per somite in A. calliptera),
together with a conserved duration of somitogenesis of ~35 hrs in both species (Marconi
etal, 2023). As these estimated rates and durations alone could not fully account for the
observed difference in somite number between the two species, Marconi et al. proposed
that the earliest somites may form simultaneously in Lake Malawi cichlids, rather than se-
guentially. This interpretation was informed by their experimental observations, in which
embryos with fewer than four somites were not recovered in either species (Marconi et al.,
2023). Here, we directly observe embryos with one, two, and three somites in both species,

demonstrating that the earliest somites are added sequentially rather than simultaneously.

The difference between the two studies may therefore reflect differences in how develop-
mental time was defined and how the earliest stages of somitogenesis were sampled. Mar-
coni et al. estimated the onset of somitogenesis using the appearance of the neural keel
as a developmental landmark and determined somite number at subseqguent time points
(Marconi et al,, 2023). In contrast, we measure developmental time continuously from fer-
tilisation, allowing the one-, two-, and three-somite stages to be positioned directly within
the developmental time course and incorporated into estimates of the timing and rate of
somite formation. Notably, our estimate of the somite addition rate in R. sp. ‘chilingali’ dif-

fers from that of Marconi et al. by only 2 minutes per somite, whereas the corresponding
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estimates for A. calliptera differ by 12 minutes per somite. Given the small absolute mag-
nitude of these discrepancies, differences in temporal resolution and the representation
of the earliest stages may be sufficient to account for the variation in the estimates be-
tween the two studies. Importantly, our data resolve the earliest stages of somitogenesis
as a sequential process and support a largely constant rate of somite addition throughout

somitogenesis in both species (Fig. 1N).

We have shown that the early R. sp. ‘chilingali’ PSM is significantly larger than that of A.
calliptera in every dimension measured, being 19% longer, 6+ 64% greater in volume, and
having 57 60% more cells (Fig.3). Despite these significant initial differences in PSM size,
PSM growth rates are indistinguishable between both cichlid species (Fig.3), as are the ex-
pression patterns of key molecular regulators of PSM morphogenesis (Fig.5), while nascent
somite size is largely comparable (Fig.2.C.). Together, these observations indicate that the
dynamics of the molecular clock and the morphogenetic processes underlying somitoge-
nesis are conserved, and that it is only the initial conditions in the form of the size of the

PSM at the beginning of this process, that have diverged.

If the segmentation clock dynamics or associated morphogenetic mechanisms had di-
verged, we would expect alterations in PSM anatomy, molecular patterning, and/or growth
trajectories; however, none are observed. Even when metrics differ in absolute size (e.g.
PSM length, MPZ length), developmental trajectories over time are parallel, reinforcing the
interpretation that initial conditions, rather than process, have evolved (Fig.3 and Fig.S3).
Therefore our data suggest that the additional tissue required to generate more somites in
R. sp. ‘chilingali’ is already present before somitogenesis begins. They support a model in
which the extended duration of somitogenesis, and the resulting increase in vertebral num-
ber relative to A. calliptera, is driven by interspecific differences in PSM size established prior
to somitogenesis, rather than by the divergence in any of the mechanisms underlying the

process itself.

Importantly, our data show that these interspecific differences are already established prior
to somitogenesis. R. sp. ‘chilingali’ initiates somitogenesis later than A. calliptera, suggest-
ing an early heterochronic shift during blastulation or gastrulation (Fig.2). An extended

pre-segmentation period could permit increased cell proliferation, resulting in a larger em-
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393 bryonic axis at the onset of somitogenesis. However, the PSM in R. sp. ‘chilingali’ is still
394 disproportionately larger than that of A. calliptera, failing to scale with embryo size and
395 suggesting a PSM-specific divergence in the mechanisms responsible for the specification
396 of this tissue (Fig.53). In addition to a larger PSM domain specified during gastrulation, in-
397 creased lateral ingression during early segmentation stages could also contribute to the
398 larger PSM size in R. sp. chilingali. Species-specific differences in proliferation rates before

399 and shortly after the onset of somitogenesis should also be examined in future studies.

400 Whole-embryo transcriptomic data for these species further support our interpretations by
401 revealing that the largest inter-specific differences occur at the four-somite stage, near the
402 onset of segmentation (Marconi et al,, 2024), becoming more similar thereafter. Together,
403  these findings indicate that divergence between these species is most pronounced at the
404 onset of somitogenesis, supporting the view that somitic counts have evolved by evolv-
405 ing the initial conditions of somitogenesis and suggesting that evolutionary differences in
406 other phenotypic traits may likewise be established during the earliest stages of embryonic

407 development.

408 While our results identify divergence in the initial conditions of somitogenesis as a novel
409 developmental basis for its prolonged duration in R. sp. ‘chilingali’, prolonging somitogen-
410 esisitselfis a well-established evolutionary route to increasing vertebral number. However,
411 in previously studied systems, prolonged somitogenesis has been achieved through a va-
412 riety of other developmental mechanisms. In snakes, high vertebral numlber has evolved
413  throughacombination of accelerated somite formation and prolonged somitogenesis (Gomez
414 et al, 2008; Hammond et al, 2025), while in anguilliform eels, prolonged somitogenesis
415 s associated with the extended maintenance of axial progenitors in the tail (Kawakami et
416 al, 2017; Seleit et al, 2026). Similarly, vertebral numlber has evolved over ~10,000 years
417 in the Deer mouse Peromyscus maniculatus by changing the duration of somitogenesis,

418 achieved by altering the proportion of axial progenitors in the tail (Kingsley et al., 2024).

419 Altering the duration of somitogenesis may in general present an easier route for evolu-
420 tion to change vertebral number. Assuming that the timing of Hox gene activation is un-
421 changedrelativeto the start of somitogenesis, prolonging somitogenesis would only change

422 the number of vertebrae in the caudal part of the body. In contrast, globally changing the
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number of vertebrae by altering the frequency of somitogenesis (Harima et al, 2013) may
have deleterious effects, for example in carnivorous mammals, where a specific numlber of
presacral vertebrae and the resulting spinal flexibility are required for fast running (Galis et
al, 2014). Our results suggest that while prolonging somitogenesis may represent a com-
mon developmental route to increasing vertebral number, this can evolve through substan-
tially different developmental mechanisms, including, as we show here, through changes

to the initial conditions of somitogenesis.

Evolution can be driven by changes in the initial conditions of developmental pro-
grams

Our findings highlight an additional route by which phenotypic evolution can occur. Phe-
notypic evolution need not be rooted in the modification of the underlying focal devel-
opmental process itself, but rather in changes to its initial conditions. Instead of mod-
ifying a complex developmental process, such as somitogenesis and axial elongation, it
may be simpler to instead evolve the initial conditions of that process, particularly over
shorter timescales. These potentially subtle changes early on in embryogenesis can cas-
cade through development giving rise to dramatic consequences for the adult phenotype.
In the context of the evolution of vertebral counts in Lake Malawi cichlids we have shown
that these initial conditions correspond to the initial size of the body axis, and of the PSM in

particular.

This perspective is complementary to the established idea that evolutionary changes in
progenitor populations can drive phenotypic diversification. Perhaps the best-characterised
example is mammalian neocortical evolution, where expansion of neural progenitor popu-
lations contributes to increased neuronal output and cortical size (Florio & Huttner, 2014;
Pinson & Huttner, 2021; Vaid & Huttner, 2022). Comyparative cerebral organoid studies
have provided experimental support for this idea, demonstrating that subtle differences
in the proliferative behaviour of neural progenitors between humans and other great apes
are sufficient to generate developmental differences consistent with neocortical expansion
(Mora-Bermudez et al, 2016; Giandomenico & Lancaster, 2017). In these systems how-
ever, unlike in cichlid somitogenesis, evolutionary changes in progenitor populations are

accompanied by changes in downstream developmental processes, including progenitor
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proliferative behaviour and neurogenesis.

The concept of developmental initial conditions may also provide a useful framework for
interpreting evolutionary systems in which phenotypic divergence arises through develop-
mental changes occurring prior to the onset of a focal developmental process. The two-
tailed goldfish has evolved a second tail by altering dorso-ventral patterning at the gastrula
and tailbud stages, driven by a mutation to the gene chordin which arose during artifi-
cial selection (Abe et al,, 2014). This morph exhibits delayed blastopore closure relative to
single-tailed goldfish, and has a larger PSM, which interestingly has resulted in the evolu-

tion of two tails rather than increased vertebral counts (Abe et al, 2014; Lietal, 2019).

Heterochronies during gastrulation in the Mexican cavefish, Astyanax mexicanus, have
been found to generate organizer, and interestingly, axial mesodermal tissues with diverg-
ing gene expression patterns (Torres-Paz et al, 2019). These differences have been pos-
tulated to have contributed towards the divergence in brain evolution between cave and
surface morphs. In that work, authors founds that these differences depended fully on ma-
ternal factors, and that certain traits such as retinal morphogenesis, retained significant
maternal influence throughout development and well into the larval stages. Since cave
and surface forms are morphs of the same species, the maternally inherited differences
identified in this system provide a particularly clear example of variation in developmental
initial conditions from which subsequent developmental processes proceed. It is possible
therefore, that in the closely related Lake Malawi cichlids, maternal factors also play an im-
portant role affecting early stages in embryogenesis, cascading on during development,

affecting downstream processes and manifesting in adult traits.

Unless these differences are entirely driven by differences in maternal inputs, modifying
the initial conditions of a focal developmental process will require evolutionary changes
in earlier development. For example, although we have shown that somitogenesis itself
has not changed between our two species, earlier development has indeed evolved, with
R. sp. ‘chilingali’ taking five hours longer to reach the onset of somitogenesis than A. cal-
liptera (Fig.1.N; previously shown in Marconi et al,, 2023). Our use of the term initial con-
ditions is therefore relative to the developmental process under consideration: the focal

developmental process. The distinction we make is not between development and non-

22



483

484

485

486

487

488

489

490

491

492

493

494

495

496

497

498

499

500

501

502

503

504

505

506

507

508

509

510

511

512

development, but between evolutionary changes occurring within a focal developmental
process and changes to the developmental context from which that process begins. In
this case, we show that evolutionary change occurred in developmental events preceding
somitogenesis, altering the state of the embryo at the onset of segmentation while leaving
the mechanisms of somitogenesis conserved, yet still leading to a significant change in the
numiber of somites produced. This demonstrates that evolutionary change in upstream de-
velopmental processes can drive diversification without requiring modification of the focal

developmental process from which the phenotype emerges.

The end of somitogenesis corresponds to the phylotypic stage in vertebrates, also known as
the pharyngula stage. This is the stage when vertebrate embryos across species most re-
semble each other both morphologically (Baer, 1828) and transcriptionally (Irie & Kuratani,
2011). These striking similarities are believed to reflect the developmental stages of most
constraint, which may be underpinned by the obligate and deeply conserved progressive
expression of the hox genes (Duboule, 1994). Given this deep evolutionary conservation
and strong constraints on the morphology of the embryo after sesgmentation, perhaps the
easiest way to evolve vertebral counts over short evolutionary timescales might require by-
passing any changes to somitogenesis and any other processes that might take place close

to the phylotypic stage, in favor of changes to the initial conditions of these processes.

Finally, changing initial conditions might not be the only way to evolve a phenotype with-
out modifying the underlying developmental process that generates it. Boundary condi-
tions, which dictate how a system interacts with its spatial or structural environment, might
also evolve and affect the outcome of conserved developmental processes. It has been pro-
posed that changesin tissue tectonics - or how tissues develop relative to each other - might
be enough to vary the placement of signalling centres and responding tissues, potentially
resulting in changes to the coordinated timing of development (Blanchard et al,, 2009;
Busby & Steventon, 202 1) that could lead to phenotypic evolution. The effect of boundary
conditions is well illustrated in two-dimensional stem cell colonies (Rombouts et al,, 202 3),
where the geometry of the micro-patterns used has been seen to modify the position of
primitive streak-like regions, as well as the direction and symmetry of cell migration (Warm-

flashetal,2014; Etocetal,2016; Heemskerketal, 2019). Furthermore, it has been shown
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that altering geometry and boundary conditions in embryos by modulating the spatial dis-
tribution of forces, flows, and active processes - such as through changes in the position
of cell ingression - can shift between the different modes of gastrulation describbed across
vertebrates (Serrano Najera et al,, 2025; Serrano Najera & Weijer, 2023; Chuai et al,, 2023;
Serrano Najera & Weijer, 202 3). Heterochrony in the expression of "timer genes" controlling
how arthropod segmentation gene regulatory networks are deployed within the embryo
is also thought to account for the variation in segmentation modes in arthropods (Clark et
al, 2019; Clark & Peel, 2018; Taylor & Dearden, 2022), another example of how boundary
conditions can shape developmental processes. Taken together, this suggests that bound-
ary conditions, alongside initial conditions as demonstrated in this study, may represent an

important and currently underappreciated driver of phenotypic evolution.

CONCLUSION

We have shown that R. sp. ‘chilingali’ have likely evolved increased somitic counts by mod-
ifying the initial conditions of somitogenesis, rather than the process of somitogenesis it-
self. R. sp. ‘chilingali’ have a significantly larger PSM than A. calliptera at the onset and early
stages of somitogenesis, providing the excess tissue used to produce more somites. More-
over, there is no evidence for a change in the process of somitogenesis between species;
the rate of somitogenesis is conserved and morphometric analyses of the anatomy and
patterning of the PSM have revealed that these are very similar between R. sp. ‘chilingali’
and A. calliptera. This work demonstrates an alternative mechanism by which phenotypic
evolution can be achieved, showing that altering the initial conditions of development can
result in dramatic phenotypic changes, without the need to modify the underlying devel-
opmental process. This mechanism might be particularly useful over short evolutionary
timescales or when a developmental process is highly constrained, as could be the case
with somitogenesis. We hope our work will encourage others to look for alternative devel-
opmental drivers of evolutionary change in closer related species to reveal how phenotypic

evolution first emerges.

METHODS
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Animal husbandry

A. calliptera and R. sp. ‘chilingali’ were reared at 26°C, under a 12:12 hour day-night cycle.
A. calliptera were fed JBL Novo Malawi flake (for algae-eating cichlids), and R. sp. ‘chilingali’
were reared on JBL Novo Malawi flake for carnivores. Feed was supplemented with pellets,

frozen brine shrimp, and frozen fish for enrichment and to encourage breeding.

Extraction of cichlid embryos

Embryos were extracted from stock tanks at least weekly. Embryos were removed from
mouthbrooding females by first catching the female, and then flushing the mouth with
water using a plastic pasteur pipette until all embryos were released. All animal work was
conducted following approval by the Departmental Animal Welfare Ethical Review Body

(AWERB) for the Department of Biology at the University of Oxford.

Estimating the rate of somitogenesis

To establish the rate of somitogenesis, embryos were staged in hours post fertilisation (hpf)
by monitoring breeding tanks hourly for the appearance of new mouthbrooders. Alterna-
tively, if a clutch of one-cell embryos was extracted during regular fish husbandry work, the
time of extraction was treated as the estimated time of fertilisation. If breeding was ob-
served then fish were left for the duration of courtship (~1.5 hrs) and then embryos were
extracted, with the end of courtship treated as the time of fertilization. As the first division
takes ~1-2 hrs (Fujimura & Okada, 2007; Marconi et al,, 202 3), these collection methods

are equivalent.

Embryos were cultured in 50 mL Falcon tubes containing ~30 mL of a solution of tank
water and 1 mg/L of methylene blue (Sigma-Aldrich) to prevent mould and bacterial con-
tamination. Embryos were incubated on a slow rocker at 26°C. Water was changed and
dead embryos removed daily. Once a desired stage was reached, embryos from that clutch
were fixed every 1-2 hours in batches of 3-5 embryos. Fixation was performed overnight at
4°C,in 4% v/v formaldehyde (Sigma). Fixed embryos were dissected off the yolk and stained
overnight in 1 uL/mL DAPI at 4°C to better resolve the somites, which we found challeng-
ing to count otherwise in fixed specimens. DAPI-stained embryos were mounted in glycerol

and somites were counted by eye using a Leica MZ FLIII fluorescence stereomicroscope.
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The rate of somitogenesis was measured for each clutch by performing a linear regression
linking somite stage to hours post fertilization (Fig S2). The slope of this linear regression
was taken as the rate of somite production. A. calliptera embryos older than 70 hpf were
excluded from our analysis, as these embryos have completed somitogenesis. We also ex-
cluded clutches with less than three time points. Since our staging method leaves a ~2
hr uncertainty as to the exact age of a clutch, and because clutches were sampled un-
evenly across time, we computed the species-typical somitogenesis rate as the median of
the clutch-specific rates for that species. To estimate the start and end of somitogenesis in
each species, we constructed a linear regression, fixing the slope as this inferred species-

typical rate.

Hybridization chain reaction

Hybridization chain reaction (HCR) was performed as per (Choietal, 2016, 2018; Fulton et
al, 2022Db). Probes were designed by Molecular Instruments; accession numbers for genes
can be found in Table 1. In short, embryos were fixed overnight at 4°C in 4% formaldehyde
and then dehydratedina 25%, 50%, 75% methanol:Phosphate Buffered Saline (PBS) series,
leaving tissue to equilibrate for five minutes for each methanol concentration. Emlbryos
were then stored at -20°C in 100% methanol. Note that all washes performed are for five
minutes unless indicated otherwise.

Table 1: Genes used in this study

GCene name NCBI accession

tbxta XM_026157450
thbx16 XM_026187037
tbx6 XM_026153614
Sox2 XM_026147476.1
myoD XM_026172524.1
msgn XM_026142939

To perform the HCR, embryos were first renydrated ina 75%, 50%, 25% methanol:PBS series
as before. Embryos were then dissected from the yolk in PBS, and placed in a glass stain-
ing dish. Permeabilization with proteinase K was typically not required for these stages. If
permeabilization was required, embryos were permeabilized for one hour in 10 pg/mL pro-

teinase K (Sigma) before being washed twice in PTw and re-fixed in 4% formaldehyde for
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30 minutes.

Embryos were pre-hybridized for 30 minutes at 37°C in 30% hybridization buffer (Molecu-
lar Instruments), before 1 uL of probe was added per 100 plL of hybridization buffer. Note
that to ensure strong and consistent staining we used ~100 pL of hybridization buffer per
half-dozen embryos, and did not stain more than ~15 embryos per staining dish. The em-

bryos were then left overnight to hybridize at 37°C.

The following day, we washed out the probe using 4x15 minute washes in probe wash
buffer (Molecular Instruments) at 37°C. At room temperature, we performed 3x5 minute
washes in SCT (5X SSC + 0.1% Tween-20), before pre-amplifying in amplification buffer
(Molecular Instruments). We heat-shocked the hairpins at 95°C for 90 seconds in separate
PCR tubes, before adding these to the embryos. Embryos were then incubated overnight,

in the dark.

The following morning we washed out the hairpins in SSCT and added 1 uL/mL DAPI at

least overnight at 4°C, before mounting in 90% glycerol and imaging.

Phalloidin staining

Embryos were extracted and fixed as above, before being washed three times in PTw and
dissected. Embryos were then permeabilized for a total of two days in 1% PTx, washing four
times over this time period. Embryos were then washed three times in PTw before being
stained overnight in half a unit (10 uL) Phalloidin-CF568 (Biotin, BTOO044-T) in 100 uL
PTw and 0.5 uL DAPI (Biotin, BT40011). Finally, the stain was washed out three times in

PTw, before embryos were mounted in 90% glycerol.

Imaging
Imaging was performed on either an Olympus FV3000, Leica LSM980, or Leica LSM880.

Microscope configuration is summarized in Table 2
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Table 2: Microscope configuration

Low . High
. S Medium S
Microscope magnification L magnfication Lasers (nm)
2 magnification 2
objective objective
Olympus Olympus UPlanSApo 30x /o 1aa 514,
V3000 UPLSAPO 4X N/A silicon oil 561 594 631
(0.16NAdry) (1.05NA) ' '
. Zeiss 10x (0.45 : 405,488,514,
Leica LSM980 NA Dry) N/A 40x (1.30 NA Qil) 561 639
. Zeiss 10x (0.45 Plan-Apochromat . 405,488,514,
Leica LSM880 NA Dry) 20x/0.8 M27 40x (1.30 NA Qil) 561 639
HC PL APO CS2
Leica Stellaris HC PL FLUOTAR 20x (0.75 NA White light laser
8 10x (0.30 NA Dry)  water/multi- 9
immersion)

617 Morphometrics

618 For the purposes of our morphometric analyses, we define the stages of somitogenesis
619 as follows. Onset of segmentation (1-5ss): the period before somites epithelialize laterally.
620 Earlysegmentation (5-15ss): the period between complete epithelialization of the nascent
621 somite and full lateral epithelialization of the PSM, when the PSM separates from the lat-
622 eral plate mesoderm. Mid-segmentation: the period after 15ss but prior to tail eversion
623 (15-25ssin A. calliptera and 15-30ss in R. sp. 'chilingali’). Late segmentation: the period
624 Dbetween tail eversion and the end of segmentation (25-33ss in A. calliptera and 30-39ss
625 In R sp. 'chilingali’).

626 Wedefine the extent ofthe PSM using morphological landmarks. At mid- and late-segmentation
627 stages (15ss and later), PSM volume comprises all tissue within the tailbud, excluding the
628 notochord, neuraltube/spinal cord, nascent somites, and hypochord. At early segmentation
629 stages(5-15ss),the PSMisdefined in the same way, with its lateral extent taken to be equiv-
630 alent to that of the somites, consistent with the observed restriction of tbx6 to this region.
631 The anterior boundary of the PSM corresponds to the posterior boundary of the nascent
632 somite. We consider the nascent somite to have formed once its posterior boundary is fully
633 epithelialized, as determined by the arrangement of nuclei. The anatomical boundaries of
634 the PSM, as defined here, are shown in Figs 3-5.

635 Because somite formation isa gradual process, determining when a somite is “fully formed”
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636 Is necessarily somewhat subjective. Here, we define a somite as fully formed once its pos-
637 terior boundary is fully epithelialized, as identified by the arrangement of nuclei. To min-
638 imise variability in applying this criterion, all measurements were performed by the same

639 researcher throughout the study.

640 Morphometric measurements were performed by manually annotating images within OMERO
641 (Bureletal,2015). Variables were defined as follows: The PSM length is defined as the dis-
642 tance between the posterior-most tip of the PSM, at the level of the notochord, and the
643 posterior boundary of the nascent somite; measured through the notochord. The noto-
644 chord length is the distance between the posterior boundary of the nascent somite, and
645 the posterior tip of the notochord, measured through the notochord. The MPZ length is the
646 difference between PSM and notochord length. Somite length is defined as the distance
647 between the posteriorand anterior boundaries of the nascent somite, measured at the mid-
648 dle of the somite. PSM width was measured by placing two points at the intersection of the
649 posterior boundary of the nascent somites, and the lateral aspect of the PSM, and by com-
650 puting the euclidean distance between these points in Python. PSM depth was measured
651 similarly, at the posterior tip of the notochord, using points placed at the first and last PSM
652 frames. In effect these measurements corresponds to the anterior PSM width and poste-
653 rior depth and therefore represent proxy measurements. These proxies are accurate at later
654 stagesinsomitogenesis, where PSM width and depth are roughly constant throughout the
655 antero-posterior length of the tissue. At early segmentation stages however, these lead to
656 underestimates of PSM width in particular, as the PSM widens towards the posterior (Fig 4,
657 Fig5AB). Notochord width is measured at the middle of the notochord. The embryo length
658 was measured as a poly-line across the AP axis of the embryo, from the tip of the nose to
659 the tip of the tailbud, following the embryonic spinal cord. Metrics are shown illustrated in

660 Fig.3L.

661 Principal component analysis was performed in R v4.4.2 using the ‘prcomp’ command
662 from the ‘stats' package, scaling data to have unit variance prior to the PCA being per-

663 formed.
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Manual tissue segmentation

Tissues were manually segmented using the Segmentation Editor tool in Image] (Schin-
delin et al, 2012). The whole tailbud was first outlined every 5-10 slices, then the labels
were interpolated and the label added to the image. The notochord, neural tube, and
somites were then segmented using the same method, and given unique labels for iden-

tification.

To measure the volume of different tissues, the label object was resized so that each voxel
measured 1 um?3. The number of voxels in each label were then counted. For somites, the
number of somites segmented (one or two) was detected automatically by extracting the
somite label, labeling each somite, and then counting the number of labels. The mean
somite volume was then computed by dividing the total somite volume by the number of

somites.

Measuring spatial molecular patterns across the AP axis

Gene expression patterns across the anterior-posterior axis were measured in Fiji as fol-
lows. First, an average intensity projection of relevant focal planes was performed in Im-
agel. Average intensity projections were always performed on focal planes adjacent to the
notochord. A polyline was then drawn across the PSM, from the posterior boundary to the
nascent somite to the posterior of the notochord, following the middle of the PSM. Expres-
sion intensity was then measured, averaging across 20-100 pixels adjacent to the line. The
number of pixels was chosen such that the polyline width was as close as possible to the

width of the PSM itself, without including any tissue outside the PSM.

Cell counting

Cell counting was performed using a method derived from a standard spot counting proto-
col by Robert Haase, using the pyclesperanto library (Haase et al,, 2020). The DAPI (nuclear)
channel was first extracted from the image, and rescaled to have voxels of size 0.5 um3. A
gaussian blur was then performed on the nuclear channel, with a radius of 0.5 um (one
voxel) in the X and Y dimensions, and zero voxels in the Z dimension. The local maxima
was detected, using a 'box’ (cubed) connectivity, and radius of 1.5 um (three voxels) in all

dimensions. To merge nearby spots, a binary dilation was performed with radius 1.5 um
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697

(three voxels) in the X and Y dimensions and 0.5 pm (one voxel) in the Z dimensions, be-
fore spots were labelled, the relevant tissue extracted, and the number of unique labels (e.q.

number of cells) in the tissue was counted.

The quality of spot detection was verified blind after sesgmentation, and embryos where

spot detection was not accurate were discarded.
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Table S1: Statistics on PSM metrics. Each response variable has been tested for its relationship with somite count and species using
linear regression. R?, slopes, standard errors, F- and P-values, and model fit statistics are reported; P < 0.005 was considered significant,
using Bonferroni correction for ten statistical tests (green highlights). Blue highlights indicate the lowest residual sum of squares (RSS).

variable stage

comparison

variable stage + species

R? slope 95 Cl F statistic  p-value RSSmodel 1 RSS model 2 R? slope 95 ClI species difference 95 Cl species diff. pcount p species
PSM length 0.71 -13.02 -1453—-1151 28585 4.4e-33 570125 394490 0.80 -13.68 -1495—-12.4 77.95 56.6—993 1.1e-39 84e-11
Notochord length 0.76 -10.13 -11.17—-9.1 370.54  6.5e-38 266211 211735 0.81 -10.50 -11.43—-9.56 43.41 27.77—59.05 44e-42 3.1e-07
PSM width 0.43  -3.43 -4.15—-2.72 87.78 7.2e-16 129073 123839 0.45 -3.55 -4.26—-2.83 13.45 149 —2542 3.3e-16 0.03
PSM depth 0.12 111 0.55—1.67 1512 1.7e-04 78637 77451 0.13 1.06 049 —1.62 6.41 -3.05—15.87 1.6e-04 ns.
MPZ length 034 -2.89 -3.63—-2.15 58.49 6.5e-12 137317 102837 0.50 -318 -383—-253 34.54 23.63—4544  1l6e-14 87e-09
Somite length 0.48 -0.75 -0.89—-0.61 10845  2.5e-18 5022 4797 051 -0.73 -0.87—-0.59 -2.78 -5.14 —-0.43 9.5e-19 0.02
Notochord width  0.30 -0.54 -0.69—-0.39 50.77 9.4e-11 5560 5503 031 -055 -0.7 —-0.4 141 -1.12—393 9.4e-11 ns.
length:width 0.16 -0.03 -0.04 —-0.01 21.73 8.4e-06 29 27 020 -0.03 -0.04 —-0.02 0.23 0.05—0.4 5.6e-06 0.01
length:depth 037 -0.35 -0.43 —-0.26 68.39 2.5e-13 1680 1680 037 -0.35 -0.43—-0.26 0.14 -1.25—1.54 3.2e-13 ns.
depth:width 023 -011 -0.15—-0.07 33.69 5.7e-08 356 354 023 -011 -0.15—-0.07 -0.25 -0.89 —0.39 6.1e-08 ns.




Table S2: Probability of interaction between species and somite stage Evidence for a statis-
tical interaction was tested using linear regression: R? and p-value for each term are reported.

R? p species pcount pinteraction

PSM length 0.80 1.0e-10 2.3e-39 n.s.
Notochord length 0.81 3.4e-07 1.0e-41 n.s.
MPZ length 0.50 9.9e-09 2.0e-14 n.s.
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Somite counts
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Figure S1: Number of somites after the end of segmentation in both species.
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41

Number of somites versus time in both species. Linear regressions were con-
structed for both species, for each clutch individually, using ordinary least squares. Colours in-
dicate different clutches. Grey lines indicate the 95% confidence interval.
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Figure S4: PSM measurements used for PCA. Solid black lines indicate the trendline for mea-
surements where species did not statistically differ, and different coloured lines indicate species-
specific trendlines. A. calliptera: yellow. R. sp. ‘chilingali: grey. Somite length: length of the
nascent somite. Measurements are as indicated in Figure 3L.
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‘ A. calliptera Timecourse 1 ‘

| t=0hr || t=1hr || t=2hr \

A. calliptera Timecourse 2 ‘
t=2hr

Figure S5: A. calliptera somite numbers at the onset of segmentation. Embryos were fixed
at hourly intervals, before being dissected and stained with DAPI (cyan) and phalloidin (red).
Somites are indicated with arrows. Scale bar: 500 um. All embryos are oriented anterior left.
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R. chillingalit =0 R. chillingali t = 1hr:30

Figure S6: R. sp. ‘chilingali’ somite nhumbers at the onset of segmentation. Embryos were
fixed at hourly intervals, before being dissected and stained with DAPI (cyan) and phalloidin (red).
Somites are indicated with arrows. Scale bar: 500 um. All embryos are oriented anterior towards

the top.
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