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Vertebrate development and phylogeny are intimately connected through the vertebral
formula, the numerical distribution of vertebrae along the body axis into different
categories such as neck and chest. A key window into this relationship is through
the conserved Hox gene clusters. Hox gene expression boundaries align with
vertebral boundaries, and their manipulation in model organisms often results in
the transformation of one vertebral type into its neighbor, a homeotic transformation.
If the variety in the vertebrate body plan is produced by homeotic shifts, then the
number of adjacent vertebrae will be inversely related when making interspecies
comparisons since the gain in one vertebra is due to the loss in its neighbor. To
date, such a pattern across species consistent with homeotic transitions has only
been found in the thoracolumbar vertebral count of mammals. To further investigate
potential homeotic relationships in other vertebrate classes and along the entire body
axis, we compiled a comprehensive dataset of complete tetrapod vertebral formulas
and systematically searched for patterns by analyzing combinations of vertebrae. We
uncovered mammalian homeotic patterns and found balances between distal vertebrae
not anticipated by a Hox-vertebral homeotic relationship, including one that emerged
during the progression from theropods to birds. We also identified correlations between
vertebral counts and intergenic distances in the HoxB gene cluster which do not
align with the common picture of a colinear relationship between Hox expression
and vertebral categories. This quantitative approach revises our expectations for the
diversity of a Hox-mediated vertebrate body plan.
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Patterns in vertebrae both unite and separate a wide range of animal groups. Based on
its location, function, and morphology, an individual vertebra can be classified into one
of five different categories: cervical (neck), thoracic (rib-bearing dorsal), lumbar (rib-less
dorsal), sacral (pelvic), and caudal (tail) (Fig. 14). The numerical distribution of the
vertebra in these categories is termed the vertebral formula, which has been studied
since the inception of modern comparative anatomy (1-8). On account of the vertebral
formula alone, a bird can easily be distinguished from a mammal (1), and even orders
within mammals are differentiable (9-11).

Patterns in the vertebral formula are identified in the context of a phylogenetic
tree (Fig. 1B). Most mammals have seven cervical vertebrae while birds exhibit broad
variability (3, 4, 7), justifying the significant attention given to the neck. Along with
more recent discoveries of patterns further along the body axis, such as the weak
invariance of the mammalian thoracolumbar count (9, 11), these vertebral patterns
have generated important insights and questions about anatomy (12, 13) and trait
evolution (10, 11, 14).

A major reason for the attention given to vertebral patterns is their manifest but
mysterious relationship with the Hox genes, a set of strongly conserved homeobox
genes that control the body plan of vertebrates and even invertebrates including
Cnidaria (15). Within tetrapods these Hox genes are arranged in a fixed linear order
in four clusters (16), and their sequential expression pattern reflects the serialization
of the vertebrae, the phenomenon of colinearity (17). Although colinearity suggests a
simple relationship between Hox genes and vertebral boundaries, a Hox code (18), a
number of experiments have demonstrated that the Hox-vertebral relationship is not
so straightforward (19-21). Irrespective of the detailed mechanism, in experiments
manipulating Hox gene expression, the dominant phenotype is a shift in the vertebral
boundaries, which can be interpreted as homeotic transformations from one vertebra
into its neighbor (22-32). In some cases, even the manipulation of other genes involved
in the prevertebral somite formation will yield homeotic transformations (25), further
suggesting the ubiquity of this phenomenon.
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Tetrapods have different
numbers of vertebrae in the neck,
torso, and lower parts of their
bodies. These numbers can
follow patterns anticipated by the
relationship between vertebrae
and the highly conserved Hox
genes, but to date, the only
confirmed example is the
inversely related fluctuations in
the thoracic and lumbar counts.
Here, we collected the most
comprehensive dataset of
complete vertebral counts to date
to look for further patterns across
tetrapods. We uncover how the
entire mammalian vertebral axis
displays inverse patterns like the
thoracolumbar constraint, while
other tetrapod classes exhibit
distinct, unanticipated patterns.
We study one of these, an
anterior-posterior balance, which
is present in birds, bats, and
some extinct flying theropods.
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Although experiments on the Hox-vertebral relationship are
typically performed on a single model species, it is natural to
suppose that homeotic transformations act as an important source
of variation in the vertebrate body plan across species, giving
rise to the different vertebral formulas found among tetrapods
(11, 33-35). We can test this hypothesis by looking for signatures
or patterns when comparing the vertebral formula of different
species; these homeotic shifts should yield a relatively fixed sum
of combined counts between adjacent vertebrae since the sum
total of the two vertebrae is not changed by one transforming
into the other (9). More generally, these transformations can
produce an inverse relation or anticorrelation since an increase
in one vertebra will correlate with a decrease in the other which
is not necessarily of the same magnitude.

In principle, five vertebral categories with homeotic shifts
between neighbors can yield four inverse relationships, which we
thus describe as “homeotic” vertebral patterns (Fig. 1C). Using
the shorthands C, 7', L, S, and Cz to represent the number of
vertebrae in each vertebral category (Cervical, Thoracic, Lumbar,
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Sacral, and Caudal, respectively; Fig. 14), we can represent
combined sums as C+ 7, T+ L, L+ S, and § + Ca. To
date, the only well-established example of a homeotic pattern is
the relatively fixed thoracolumbar count (7 +Z) in mammals (9),
as well as the possibility that a homeotic transformation is behind
the deviation from the mammalian “rule of seven” (C = 7) for
sloths and manatees (14, 39-41) (see also SI Appendix, Fig. S1).
And yet the expectation of Hox-mediated homeotic patterns is so
strong that it is frequently assumed in the analysis of even extinct
species whose genomic sequence, and thus direct information
about the Hox genes, is unavailable (11, 33-35). Here, we ask
whether additional homeotic vertebral patterns, or any other
patterns, are present further along the body axis in not only
mammals but other tetrapods as well.

To search for vertebral patterns we construct a broad dataset
of complete vertebral formulas for 388 species, representing
four tetrapod classes (Mammalia, Aves, Reptilia, Amphibia),
42 orders, and 175 families (42). This dataset was assembled
from a myriad of data sources such as CT scans, photographs of
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Fig. 1.

Vertebral formula and phylogeny. (A-C) Schematic of the approach to determine vertebral patterns. (A) Sketch of a platypus (Ornithorhynchus anatinus)

skeleton reproduced from Cuvier (36). The numbers of vertebrae for each category yield the vertebral formula. (B) Schematic example of a phylogenetic tree
distinguishing three different groups. Analyzing the vertebral formulas in the context of the tree yields the vertebral patterns. (C) We identify at least three types
of constraints. For individual or Type-I constraints, the vertebral count in a single category is nearly constant within a specific branch of the tree. This same
category can be very plastic or take on different constant values in other branches. In homeotic or Type-Il constraints, adjacent vertebrae are anticorrelated and
sum to a nearly constant value. In distal or Type-IIl constraints, nonadjacent vertebrae are positively correlated and can be numerically balanced. (D-G) Plots
of the vertebral data arranged according to a phylogenetic tree (37, 38). (D) A phylogenetic tree containing all the species for which we have the full vertebral
count. (We exclude some bird data to avoid unbalancing the tree, but it is used in later analysis.) The tree has been organized so that the four classes of
tetrapods, Amphibia, Mammalia, Aves (birds), and Reptiles, are arranged vertically. The silhouettes to the right of the tree are a nonexhaustive representation
of groups within the tetrapod classes. From top to bottom, they are (with individual examples in parentheses), within Amphibia: Urodela (salamanders), Anura
(frogs), Gymnophiona (caecilians); Mammalia: Carnivora (lions), Artiodactyla (pigs), Primates (monkeys); Aves: Palaeognathae (emus), Anseriformes (ducks),
Sphenisciformes (penguins), Accipitriformes (hawks); Reptilia: Crocodilia (alligators), Testudines (turtles), Iguania (lizards), Ophidia (snakes), Gekkonomorpha
(geckos). (E) The individual vertebrae plotted vertically. (F) Vertical plots of two constraints and plasticities identified with our approach. € — S is a global
constraint found when comparing all tetrapods. C + S is a plasticity found within birds. (G) Vertical plot of a constraint, C + T — S — Ca found for all birds.
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skeletons, scientific literature, and manual inspection of skeletons
(Materials and Methods). We here examine the full vertebral
count across species representative of all major tetrapod clades,
in contrast to previous studies of the vertebral formula focusing
on subsets of tetrapods, typically mammals, and most often on
presacral counts (9, 12, 13, 40, 43, 44). As represented schemat-
ically in Fig. 1 A-C, examining these vertebral formulas in the
context of a phylogenetic tree yields several types of patterns,
both classic and unfamiliar. We observe branches of the tree
with nearly constant or strongly varying individual counts, such
as the nearly fixed C or vigorously fluctuating Cz in mammals.
We also observe branches with anticorrelations between adjacent
vertebrae, corresponding to the pattern we have termed homeotic
since they suggest a Hox-mediated homeotic transformation
between adjacent vertebral categories. We additionally find an
unexpected type, namely positive correlations between vertebral
counts that are in distal (not adjacent) regions such as the
cervical and sacral, as well as a balance between the counts in
the anterior and posterior vertebrae in birds. Finally, we further
probe Hox-related vertebral patterns by comparing the variation
of the vertebral formula with the Hox cluster genetic sequence of
the corresponding species, finding regions in the Hox cluster for
which the intergenic distance correlates with the counts.

Results

Patterns in the Vertebral Formula. There is a variety of nomen-
clature to describe patterns such as those we treat here, with
terms often implying a particular origin (45). Here, we do not
determine a pattern’s origin, such as whether it is due to a shared
developmental program, physical restriction, stabilizing selection,
or phylogenetic inertia. With the null hypothesis that vertebral
counts are free to vary and independent, we label any significant
pattern with low variation a “constraint” and any significant
pattern with large variation a “plasticity” (46).

We generate a two-dimensional array Vj; with five columns
representing the vertebral categories. Each row corresponds to
a species, with a vertebral formula (C;, 7}, L;, S, Ca;), where
each shorthand (e.g., C) represents the count in that category.
To analyze patterns in the tetrapod phylogenetic tree, we utilize
TimeTree (37) to obtain a consensus tree. TimeTree takes the
median value of divergence times from multiple studies which are
typically determined by sequence alignments calibrated against
the fossil record. A representation of this tree generated using
MEGALI1 (38) is shown in Fig. 1D. Individual components
Vj; are plotted for each species (Fig. 1E), revealing established
patterns like C >~ 7 in Mammalia (9) and C =~ 1 in Amphibia
(5). Patterns involving combinations of vertebral counts, such
as the thoracolumbar pattern (9), are not immediately obvious
from Fig. 1E, and require different methods of detection.

To identify constraints and plasticities, we iterate through
branches B with at least N = 20 tips, extracting a subarray VZJB

for each branch. The variance of the sum of linear combinations
> G Vl]B is used to determine constraints or plasticities. Principal
component analysis (PCA) is used to identify ¢; which serve as
constraint or plasticity candidates, which are then confirmed
using a threshold criterion. Manual screening is additionally
performed by computing 0'2 p for all ¢ with integer coefficients
between [—3,3]. Phylogenetic tests [PIC (48)] are conducted
to validate identified patterns (Materials and Methods). An
annotated tree and tables with all patterns detected in this way
are shown in SI Appendix, Figs. S2 and S4.
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Our method identifies well-known patterns in the vertebral
formula (Fig. 2A) as well as additional plasticities and constraints,
the latter of which come in at least three flavors (Figs. 1C and
2B). The first (I) and most familiar is when a single vertebra is
nearly fixed, as with the highly conserved mammalian cervical
count (C =~ 7, Fig. 2C). As Figs. 2 C and D show, a vertebra
can be a constraint in one branch and plastic in another; we find
plasticities in a single vertebra such as the highly variable caudal
count in mammals, reptiles, and some amphibians (Urodela,
i.e., salamanders) (Fig. 2C).

The second (II) type of constraint is an anticorrelation of
vertebral counts in adjacent domains within a group of species,
which also manifest as a conserved sum of counts in the two
adjacent vertebral categories. Since this is a possible manifestation
of the Hox-mediated homeotic transformations which motivated
our search (11), we refer to these as homeotic constraints. The
only previously confirmed example of this type is the mammalian
T + L (9) (Fig. 2E), while here we have found additional weak
anticorrelations within Mammalia further along the body axis
corresponding to constraints on L + S (Fig. 2F), and a stronger
constraint corresponding to 3§ + Ca, or three times the sacral
count plus the caudal count (Fig. 2G). We note that a homeotic
transition between the lumbar and sacral vertebra has been
discussed in the context of intraspecies variability related to
different modes of motion (12, 13). The peculiar coefficient on
the constraint 35S 4+ Ca (Fig. 2G) suggests that the gain or loss
of a single sacral vertebra yields a corresponding change of three
caudal vertebrae. An unequal conversion by homeotic transfor-
mation may be taking place to increase the variability in the caudal
vertebrae in mammals. A similar unequal homeotic transfor-
mation has been observed between thoracic and lumbar vertebrae
in quadruple (paralogous group) Hox9 mutant mice (32).

These results suggest that the entire mammalian axis follows
a homeotic pattern, where the adjacent vertebral counts are
inversely related. We thus also observe a near-constant precaudal
count compared with the caudal count in mammals (Fig. 2H),
but with a small yet significant negative correlation between
them. Outside Mammalia, there are other examples of type II
constraints such as the C + 7 in Testudinata and Archosauria
(birds and alligators, Fig. 27), which we also visually detect when
including all reptiles and mammals, especially those not obeying
the C = 7 rule (sloths and manatees, S/ Appendix, Fig. S1).
In summary, we find that only the mammalian body plan can
be said to follow the patterns anticipated if variations in the
vertebral numbers are primarily due to homeotic transformations
(11, 33-35). Whether the mammalian homeotic patterns are
Hox-mediated, and what is the reason for the absence of homeotic
patterns in other classes will require further genetic perturbation
experiments in nonmammalian species.

In stark contrast to these two constraint categories, our method
uncovers an unexpected third type (III) which is a balance
between distal (nonadjacent) vertebrae (Fig. 1C), yielding a
positive correlation as seen in Figs. 2 / and K and S/ Appendix,
Fig. S4. Such distal correlations are intriguing since they are
not consistent with variations in the vertebral formula arising
from homeotic transformations (11, 33—35), such as would be
anticipated from the Hox-vertebral relationship (22-31). We next
discuss two prominent examples from this constraint type.

Correlations between Distal Vertebrae. At the phylogenetic
scale of the tree, we uncover that C — § is a constraint, with
C =~ § over a wide range of C and S. In Fig. 1F, we plot
C — S and C + S with the vertical location corresponding to the
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3of 10


https://www.pnas.org/lookup/doi/10.1073/pnas.2411421121#supplementary-materials
https://www.pnas.org/lookup/doi/10.1073/pnas.2411421121#supplementary-materials
https://www.pnas.org/lookup/doi/10.1073/pnas.2411421121#supplementary-materials
https://www.pnas.org/lookup/doi/10.1073/pnas.2411421121#supplementary-materials

E r=-0.66"*, PIC: r=-0.54***

Cervical (C) value
L2 A (Amphibia) 2‘0 05 *
1501 M (Mammalia) <0.01* 10
Sacral (S) © B(Aves) | 8 < 0:001 . &
Caudal (Ca) S 1001 g £ g
8 < S 54 o ecel
50 A = - eoe
L]
0- l'-ll! ® o M e 0
0 10 20 30 25 50 10 15 20 25
Cervical Cervical+Sacral Thoracic

B C T L S Ca Class F r=-0.36***, PIC: r=-0.35*** G r=-0.53***, PIC: r=-0.48*** H r=-0.29**, PIC: r=-0.34**
Cil1 M A 40 A 40 A .
T 1 MBR A e ] I
% 5{0ecges K '+ S  |Viipn
L 1 MBR A - 7] codpm Sa01  §%0e 3
® (XY ) ] e Q 20
s 1 |MBRA ] o o e ¢ b
Ca 1 sra |2 | 04 . o : <
T+L 11 M s T Cetaceans : : 0 : :
@ 5 10 15 0 5 10 0 20 40
o -
L+S . | S = Lumbar Sacral Caudal
3S+Ca 1 (M
cs |1 .1 MB A mm— | r=-0.6***, PIC: r=-0.18* J r=0.92***, PIC: r=0.31*** K r=0.77***, PIC: r=0.43***
) = Testudinata, _ 30
C+T-8-Ca |1 1 -1 1 B N 204 Crocodilia, ] CiT=
) Aves 3 T Mem
£ 8 S+Ca Wi,
—_— @©
T 1 M B 3 5 ] % 20- |
Ca 1| Mm A S £ 101 ) 5
@ > *1 -_ 3 .
crs A ! . L= T T T 7 T T 104 T T
C T L SCa 0 10 20 0 10 20 10 20 30
Cervical Cervical Cervical+Thoracic

Fig. 2. Representative constraints and plasticities. (A) Sketch of a prototypical Mammal redrawn from Owen (47). (B) Table with representative constraints and
plasticities, including their formulas, the tetrapod class(es) within which they are found, and the constraint types (single: I, homeotic: Il, distal balance: I1l). In
order to combine all of our analyses and make the results more readable, we round the linear coefficients to the nearest integer (Materials and Methods). The
coefficients are also color-coded so that red is positive and blue is negative. Several constraints (plasticities) have been identified. (C-K) Plots of representative
constraints and plasticities (re)identified using our method. In each plot, the color of the data symbols indicates the tetrapod class according to the key in (C).
For combination constraints (I, [ll) we calculate not only the Pearson correlation coefficient (r) between vertebral categories but also between their phylogenetic
independent contrasts (PIC) (48). In (C) and (D), we plot vertebral counts which can be constraints for some classes and plasticities for others, yielding an
L-shaped plot. (E-G) Mammalian homeotic patterns () including the previously known constrained sum T + L and the constrained sums L + S and 3S + Ca
revealed by our analysis. Constraints on combined sums manifest as a negative correlation when the two categories are plotted against each other. In (F) we
also plot genus-averaged data from datasets with partial vertebral formulas (13) as well as from Cetaceans (49) as open circles with higher transparency (up to
L = 15). Two additional homeotic patterns (Il) are found for Testudinata (H) and Testudinata with Archosauria (birds and crocodilians) (/). In the background of
(), we additionally plot all tetrapods with a higher transparency. Excluding Amphibia and snakes yields significant correlation between C and T (r >~ —0.84***).
(/ and K) Plots of two prominent distal balance constraints (lIl). (/) The C — S constraint spans all tetrapods, while in (K) the C + T — S — Ca constraint is unique to
birds.

tree in Fig. 1.D. While within some classes there are significant
departures from C = S, such as in Testudinata (C =~ 8) and

bird skeletons (Fig. 3 A-F) and a visual representation of the
vertebral counts (Fig. 3G) for birds from 21 different orders,

Mammalia (C =~ 7), especially in tree sloths (39) (SI Appendix,
Fig. S1), at the tetrapod phylogenetic scale we find that small §
follows small C (Amphibia) and large S follows large C (Aves).
Within Aves, we find that C >~ S holds even when C and S can
individually vary substantially. For example, C >~ 11 and S >~ 9
in the Rook (Corvus frugilegus) (8), while C ~ 23 and § >~ 21 in
the Whooper swan (Cygnus cygnus) (5, 8).

Another exceptional constraint identified by our method is a
balance between the anterior (C + T) and posterior (S + Ca)
vertebral counts of birds. It is well known that for birds C can
vary considerably from less than 10 to more than 23 (4, 44).
And yet it is manifest from Figs. 1G and 2/ that C is strongly
correlated with S in Aves, and when combined, the anterior C+ 7T
and posterior S 4+ Cz have a significant correlation (r >~ 0.772,
P-value > 3.122 x 10~%%). Moreover, C + T — (S + Ca) ~ 0,
indicating an anterior—posterior balance (Figs. 1G and 2K).

We further analyze this bird constraint by including additional
data, yielding a total of 178 unique bird species (196 total data
entries) representing 29 unique orders. All data adhere to the
bird constraint C + T >~ § + Ca regardless of their source
(81 Appendix, Fig. S3A). We portray the balance using curated
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as well as examples from extinct theropods and other tetrapod
classes. The birds, the bat (Myzopoda aurita), and Archaeopteryx
show a conspicuous anterior—posterior balance.

With the expectation that this constraint may shed light on
the evolution of birds, we also investigate the vertebral formula in
the clade Theropoda, which includes extinct nonavian dinosaurs
such as Tyrannosaurus rex. Indeed, a maximum likelihood
reconstruction of the tetrapod ancestor also follows the C—§ >~ 0
constraint (S Appendix, Fig. S6), and deviations from C—8 >~ 0
appear to be a more recent innovation (S Appendix, Fig. S7). In
Figs. 3 I and J, we plot the individual vertebral counts, the
tetrapod constraint C — § (dashed line), and the bird constraint
C+ T — (§+ Ca). We find that the tetrapodian C — S constraint
is even satisfied by the dinosaur Tyrannosaurus rex. The deviation
from the bird constraint, on the other hand, increases as the
phylogenetic distance from modern birds increases, primarily
due to the caudal count (24).

To seek the possible meaning of the bird constraint, we
modify our comparison of birds with other tetrapod classes
by including the lumbar count (L), which is always 0 in
Aves (Materials and Methods). Developmental studies suggest
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Fig. 3. Analysis of the bird constraint. (A) Sketch of a prototypical bird redrawn from Owen (47). (A-F) Images of the skeletons of Platalea leucorodia (Eurasian
spoonbill), Upupa epops (Eurasian hoopoe), and Hypotaenidia okinawae (basionym: Rallus okinawae, Okinawa rail) from Abiko bird museum indicating C, T, S,
and Ca. (G) Plot of the vertebral formula represented by a number of different colored circles. Here, we show birds from 21 different orders in Aves, as well as
extinct Theropod species and extant species from the three other tetrapod classes. The vertical dashed line is an anterior-posterior boundary located after the
thoracic (T). Birds show a balance between the two sides. (H) Cladogram of extinct and extant theropods extracted from a strict consensus tree (50). (/) Plot of

the individual vertebral counts corresponding to the tree. (/) Plots of C — S (dashed line)and C + T —
(§+ Ca) around the average value of ~0.084 for extant birds. All taxa conform to the tetrapodian C — S constraint while more phylogenetically

threeSDof C+T —

distant theropods do not conform to the bird constraint. (K) Histograms of (C + T) —

(S + Ca) for the species on the left. The gray band denotes

(L + S + Ca) differentiated by tetrapod class to test a “modified” bird

constraint (L = 0 for Aves). The values of the modified constraint for theropods (CJ) and pterosaurs (A) are fixed at a vertical location for better visualization. All
other groups of tetrapods save the putative flyers such as birds, bats (Chiroptera), and Pterosauria deviate strongly from the modified constraint.

that the synsacrum of birds may contain somites that originally
had affinity with lumbar vertebrae (51), so in Fig. 3K we
plot histograms of a modified bird constraint: (C + 7)) —
(L + S + Ca). When we test another extant group of flyers,
Chiroptera (bats) (52, 53), and an extinct group of putative flyers,
Pterosauria (54—59), we find that the mean deviation from the
modified bird constraint, A = \/([C+ T — (L + S + Ca)]?),
s 223.27 and ~27.83, respectively, while it is ~~8.29 in mammals
as a whole and ~1.82 in birds. We conjecture that the bird
constraint is a result of selection for flight biomechanics, which
will be important in the discussions of the flight capabilities of
extinct theropods and pterosaurs.

Genetic Patterns. We next ask whether any of the vertebral
variations can be directly connected with the genetic pathways
controlling vertebral formation using a similar many-species
comparison (65, 66). The vertebrae derive from the somites,
which are themselves segmented fragments of the paraxial
mesoderm (25, 67, 68). The somites are generated rhythmically
with a pace set by a species-specific segmentation clock (68). Wanr
signaling, among other signaling pathways (25, 68), is important
for the initiation of the clock and the later expression of the
Hox genes, whose functional and expression boundaries largely
colocate with vertebral boundaries. The total number of somites,
and thus vertebrae, is controlled by a complicated interplay of
the speed of axis elongation, rate of somitogenesis, as well as the
timing of termination (68, 69). While for most of the body axis
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somitogenesis is largely independent of Hox genes, which mainly
act later to differentiate the vertebrae, the Hox9-13 terminal
Hox genes have also been shown to play a role in terminating
somitogenesis (68, 69).

In Fig. 4 A and B we review a literature survey of species-
specific studies on the correlation between individual Hox
gene’s anterior expression boundaries or perturbations (knock-ins
and knock-outs) and homeotic vertebral transformations (22—
24, 51, 60-64). Fig. 4B visually demonstrates the overall
colinearity between the Hox genes and the vertebrae. As the
somites destined to become vertebrae are formed from head to
tail, the Hox genes are expressed in parallel and in all clusters
from paralogous gene group (PG) 1 to 13 (27, 70). However,
the colinearity is not perfect, and some genes, such as PG9-
11, correlate with several vertebral transitions. Moreover, Fig. 48
only portrays the existence of a correlation and not its magnitude,
which has been shown to be important in some cases (19).
Likewise, there is also evidence that the sequential arrangement of
the Hox genes is not a strictly necessary condition for establishing
the vertebral sequence (20).

The apparent species-independence of the Hox-vertebral rela-
tionship, while a testament to its robustness (17), also begs the
question as to how species-specific vertebral formulas can arise.
While the Hox genes themselves are conserved, the sequence
around them is highly variable in terms of transposable elements
and intergenic distance (63). Recent work has shown that

the number of CCCTC-binding factor (CTCEF) sites between
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Fig. 4. Plots of the correspondence between the Hox genes and vertebrae. (A) Schematic inventory of the Hox genes in the four clusters present in the putative
tetrapod ancestor (16). (B) Sampling of knock-out/in experiments and experimentally determined anterior expression boundaries of individual Hox genes that
correlate with vertebral transitions (23, 24, 51, 60-64). The species used in the study is indicated by the data point shape, and the specific Hox cluster is denoted
by the color. Studies often focus on specific Hox regions, and so, for example, the higher density of data points near the anterior Hox genes does not represent
a stronger correlation. In general, anterior Hox genes correlate with anterior vertebral boundaries, while posterior genes correlate with posterior boundaries.
Notable exceptions to this are Hox9-11. (C) A plot of the Pearson correlation coefficient (r) between the Hox intergenic distances and the vertebral numbers for
all classes. The strongest correlations we find are between the HoxB9-B13 intergenic distance and the C, T, L, and S counts, which we indicate by arrows. (D-G)
C, T, L, and S vs. intergenic distance between HoxB9 and HoxB13. While the correlations are large and significant, they do not survive the PIC tests. Amphibians

are not included in (D-G) since HoxB13 is missing in many of them (16).

HoxD genes can significantly modify their expression in mouse
gastruloids (71), suggesting CTCF binding sites as important
elements in the regulation of the vertebral count through the
Hox genes. The CTCF binding sites can serve as anchors for
loops in chromatin, which may modify the timing and amount
of transcription (67, 71). Thus more CTCF binding sites after
a Hox gene mediating the transition from, for example, C to T
could yield C/T homeotic transitions. Indeed, earlier work has
shown that adding or removing CTCF binding sites from HoxA4,
HoxC, or HoxD mouse embryos in vivo can result in homeotic
transformations of cervical into thoracic, thoracic into lumbar,
and even lumbar into sacral (72, 73).

Experimental information about CTCF binding sites is mostly
restricted to mammals and a few model organisms, thus pro-
hibiting us from directly testing this hypothesis with diverse
tetrapod species. Instead, we use the intergenic distance as a
proxy for the number of CTCF binding sites. We justify this
indirect approach by comparing the size of Hox clusters in several
model organisms with the number of experimentally determined
CTCEF binding sites therein and found a significant correlation
(r >~ 0.81, P-value >~ 1.53 x 1074, see SI Appendix, Fig. S9A).
We thus proceed to use the intergenic distances as a stand-in for
the number of CTCF binding sites. However, it is important to
note that variations in intergenic distances likely also correlate
with other factors that may be involved in the regulation of the
Hox gene expression, so that any significant relationships between
Hox intergenic distances and vertebral counts could also be due
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to other regulating sequences. Moreover, there is evidence that
species-specific patterning outputs can be modulated by single
base pair differences in Hox-dependent enhancers in trans (21),
a feature that will not be captured by this approach.

Using genome assemblies available from NCBI, we generate
a database of species for which we have at least partial vertebral
formulas and for which the Hox clusters are each located on a
single chromosome or scaffold (42). We determine Hox gene
locations from existing annotations or by a BLAST search (74),
yielding a combined database of Hox intergenic distances and (at
least partial) vertebral formulas with 106 species across the four
tetrapod classes (Materials and Methods). The intergenic distances
are calculated from the centers of the genes. We exclude snakes
from this analysis since their unusual vertebral count is apparently
controlled by other factors (21, 69).

We compare the intergenic distances with the individual
vertebral counts and produce the Pearson correlation matrix
shown in Fig. 4C (we show the correlation within classes
in SI Appendix, Fig. S8). The strongest and most significant
correlations are between the HoxB9-13 intergenic distance and
the vertebral counts (Fig. 4 D-G and SI Appendix, Fig. S9). The
correlation signs of adjacent vertebrae are opposite with respect
to this intergenic distance. That is, C and S have a positive
correlation, while 7" and L have a negative correlation, in accord
with the anticorrelation between C vs. 7" and L vs. S suggestive
of a homeotic transformation shown in Fig. 2 F and 7. Although
mammals have an essentially fixed C =~ 7, they still fall along
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a trend line that goes from birds to reptiles in Fig. 4D, just
as mammals fell along the trend with the C/S distal vertebral
correlation and the C/ T homeotic pattern (Fig. 2 D and 7 and
SI Appendix, Fig. S1). Within the separate tetrapod classes, the
data do not tend to follow this trend; we have a low correlation
(r = 0.17, P > 0.05) after the PIC test, indicating that the
pattern could be explained by the phylogenetic structure and
random variation. We note that the correlation between C,
T, and HoxB9 is consistent with a previous finding that the
forelimb, typically located at the C/ T transition, coincides with
the position of switching in the expression from HoxB4 to HoxB9
in several bird species (64). Likewise, Burke et al. (51) found that
HoxB9 is expressed near the end of the thoracic series in both
chicken and mouse. Our finding supplies a possible explanation
for how the same Hox gene can generate different vertebral counts
in different species via the regulation of nearby sequences.

In general, we did not find significant correlations that directly
support the idea that the vertebral formula is controlled by
the Hox-cluster genetic structure through intergenic sequence
elements. Within the correlations between the intergenic distance
and the vertebral counts, almost none survive the phylogenetic
test (PIC), with a notable exception being the correlation between
the thoracic and HoxDI-D3 intergenic distance in amphibians
(SI Appendix, Fig. SOE). However, just as there are branch-
specific vertebral patterns (Fig. 2), we found scattered correlations
specific to certain tetrapod classes (S Appendix, Figs. S8 and S9).
On the other hand, the significant correlations between anterior
vertebrae and posterior intergenic distances (HoxB9-B13) seem
to align with the picture of posterior prevalence (75). Namely
a posterior Hox gene such as HoxB9 can control anterior
vertebral boundaries which generally colocalize with anterior Hox
gene expression boundaries. Our findings suggest the need to
investigate additional factors beyond the Hox cluster genetic
structure itself to explain the distinct timing of Hox gene
expression that contributes to vertebral variations across species.

Discussion

By generating a database (42) of complete vertebral formulas for
tetrapods, we identified three main constraint patterns; constant
single count (I), homeotic (II), and distal correlations (III). We
found that the vertebral formula is largely constructed according
to homeotic patterns within mammals, but generally not in other
tetrapod classes. Thus while the expression boundaries of the
highly conserved and homologous clusters of Hox genes are
largely the same throughout tetrapods, either their utilization
or the influence of other factors makes their relationship with
the vertebral formula more complicated. More concretely, we
identified correlations between distal vertebrae for tetrapods and
birds that are not compatible with the homeotic transformations
anticipated by the Hox-vertebral relationship.

Important next steps will be to further investigate the origin
or nature of the vertebral patterns. In this context, ancestral state
reconstruction of vertebral formulas could serve as a useful tool
to trace patterns found in extant groups (SI Appendix, Fig. S6).
Direct investigation through developmental perturbations can
ascertain whether constraints are developmental or evolution-
ary (45). For example, manipulating the expression of HoxB9 in
chickens, which may affect the cervical count (64), could permit
a test of the C/S distal constraint. Alternatively, patterning in
organoid models could provide a more accessible system for
manipulating Hox gene expression to test its relationship with
vertebral patterns (71, 76).
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Indirect approaches, such as correlating co-occurring features,
may offer additional insights. Examples include the relationship
between the cervical count and mammalian cancer (77) as well
as the mammalian diaphragm (78), or the consistent vertebral
counts in Anura despite significant phylogenetic diversity (Fig. 1).
The possible connection between avian flight and the unique bird
constraint exemplifies this approach. It will be also important to
consider whether patterns arise at the point of segmentation or
much later, as may be the case for the avian synsacrum (79).

Furthermore, exploring intraspecies vertebral count variability
could yield valuable insights. Investigating intraspecies variations
of lumbosacral counts in mammals has yielded potential relation-
ships with mobility and environment (12, 13). Likewise, within
the mammals that disobey the rule of seven or which have entirely
lost their sacral vertebrae, the intraspecies variations suggest a
homeotic origin (39, 40, 49) (sce also SI Appendix, Fig. S1). We
anticipate that probing intraspecies variations in birds relative
to their unique constraint may also shed light on their origins.
Finally, extending our analysis to encompass the entire vertebral
tree including fish, where extensive data have been collected
for the vertebral counts and their intraspecies variation (80),
may uncover further vertebral patterning and provide clues for
understanding the evolutionary and developmental factors which
produced them.

Materials and Methods

Vertebral Categorization. In order to compare the vertebral formula between
different classes of tetrapods, it was necessary to identify categories of
homologous vertebrae. Different nomenclatures and conventions exist for
different classes and even orders, and so we determined a consensus definition
foreachvertebral category. The cervical (C) bones were defined as those vertebrae
between the skull and the first rib-bearing vertebrae, including the axis and
atlas. In mammals and amphibians, this definition leaves no ambiguity as to the
identity of the cervical vertebrae. In some reptiles (e.g., Crocodilia) and birds,
however, other authors have identified the cervical vertebrae as all vertebrae
between the skull and the forelimb. We next define the thoracic vertebrae
(T) as all rib-bearing vertebrae in the dorsal region, anterior to the pelvis or
sacrum. This includes free or “false” ribs not attached to the sternum and
excludes vertebrae with ribs that are fused with the synsacrum in birds (8).
The lumbar (L) vertebrae are all remaining dorsal vertebrae posterior to the
rib-bearing thoracic and anterior to the pelvis or sacrum. With this definition,
birds and amphibians and many reptiles do nothave lumbarvertebrae, but most
mammals do. We define the sacral vertebrae (S) as those vertebrae which are
(typically) fused together to form the pelvic region to which the hindlimbs are
attached. Some authors have made further categorizations of vertebrae within
the fused synsacrum of birds (51), but we go no further than to identify them
as sacral. In this, we essentially follow Eyton's identification (8). Identifying
the individual sacral vertebrae in birds is especially challenging due to their
reduced size and complex ossification (Fig. 3 and SI Appendix, Fig. S13). For
snakes, which do not have a hindlimb, the sacrum is identified with the cloacal
when possible (69). Finally, the caudal vertebrae (Ca) are identified as all free
vertebrae posterior to the sacrum. We counted the bird's fused pygostyle as a
single vertebra, and following Rockova et al. (81), we assigned a caudal count
of 3 for Anura unless the data source notes otherwise.

Extant Data Collection. The vertebral counts for extant species were obtained
from a variety of sources, including the literature where the counts are already
given or could be surmised from figures, CT scans, and images of skeletons
from online repositories (MorphoSource, DigiMorph, and Sketchfab), and from
manual inspection of bird skeletons at the Abiko City Museum of Birds in Abiko,
Japan. A full list of sources can be found in the electronic repository (42). The
precise age and sex of the majority of the specimens are unknown, but based
on overall size, we presume that most of the specimens are adults. Some of
the counts were taken from studies of embryos, for which the authors identified
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which vertebral type the somites eventually became. We also provide several
example images of skeletons, X-rays, and CT data in S/ Appendix, Figs. 512
and $13.

Algorithm for Finding Vertebral Patterns. We search for vertebral patterns
within the vertebral data V; in the context of an existing phylogenetic tree (37).
Foreach branch Bofthetree with atleastN = 20tips (species), we identify which
linear combinations ¢; of the vertebral data columns have large or small variation

cQB compared to both the total variation of this branch aé and thevariation of the

same linear combination for all species (tips) outside this branch 0' C¢B Because
the number of linear combinations ¢; to test is in principle infinite, we use two
tools to focus our search. First, we use principle componentanalysis (PCA)(82) to
reorganize and rotate the vertebral data and sort it by variance. PCA will naturally
pick out features (¢;) with large and small variance, making it ideal for this task.
Second, we test all linear combinations with integer coefficients ranging from
—3to0 3. This yields a total number of 75 = 16,807 possible G which reducesto
8,403 unique ¢;. We compile alist of ¢; from both techniques and for each branch

Bthatsatlsfythecntenaforeltheraconstralnt /Ocp < 0. 153, g < 0. 106 ¢B

ora plastlutya g > 0. 70’5, o? 8> 100‘ CeB We provide this master list in

an electronic repository for the criteria we use (42). If a constraint or plasticity
satisfies both respective threshold criteria (inside and outside the branch), then
we consider it a "strong" constraint (or plasticity). We label these few cases in
SI Appendix, Fig. S2A. For certain ¢; where possible (a constraint with more
than one nonzero coefficient), we also tested whether the Pearson correlation
coefficient r determined after renormalizing the counts using the method of PIC
(Section ) (48), is greater than some threshold value (for most vertebral data, we
required rpic > 0.2, which we relaxed forthe combined vertebral and intergenic
data). We combine the results from the integer ¢; and the ¢; determined by PCA,
which are typically not integers, by rounding the PCA ¢; coefficients to the
nearest integer. For the combined list, we then proceeded to identify all unique
constraints and plasticities and determine the highest (earliest) node on the tree
at which they hold. Some constraints appeared independently in the tree, such
as the constraint on T + L in both Mammalia and Testudinata. This final list
of constraints and plasticities are labeled in Fig. 14, tabulated in SI Appendix,
Fig. S4, and plotted in part in Fig. 2. In S/ Appendix, Fig. S54, we show the
total number of constraints and plasticities identified as a function of these
different variance thresholds, which show kinks that we used to determine the
thresholds. We provide the Python code used to analyze the vertebral data in a
repository (42).

PIC. Itis possible thatcorrelations between the phenotypic characters of different
species may be manifestations of the structure of the phylogenetic tree to which
the species belong (48). The placement of the species in the tree is itself
determined by morphological and genetic differences. For the correlation of the
characters in question to be significant, their relationship must differ from what
is expected purely by their respective phylogenetic distance. Put another way,
we could imagine the two characters under scrutiny take some original value
at the root of the phylogenetic tree, and we let the value of these characters
undergo a random walk along the branches. If their final values at the tips are
correlated in the same way as we observe in the same measure as the actual
data, our correlation is not significant.

We use the method of PIC originally proposed in ref. 48 to deal with this
potential problem. In this method, the character values at the tree tips are
subtracted from their nearest neighbor and normalized by their respective
phylogenetic distance. The contrasted tips are then merged using a weighted
average and the process is repeated until all tips are accounted for. A tree with
N tips will thus yield N — 1 contrasts. The subtraction or contrast is designed
to remove the shared influence of the tree before their common branching
point, and the normalization makes it easier to compare contrasts with different
(original) branch lengths. We used a relatively low threshold for the Pearson
correlation coefficientofr = 0.3 afterthe PICforscreening the vertebral patterns
belonging to types Il and Il (it is not possible to test type | constraints with PIC).
We wrote a custom Python implementation for PIC to keep track of the species
contributing to each contrast and to ensure transparency of method, which we
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include ina repository (42). The ability to monitor the original species was useful
when testing correlations on subsets of the entire phylogenetic tree.

We confirmed our calculations with the widely used ape (83)and phytools(84)
R libraries and include the scripts in an electronic repository (42). It has been
noted that the PIC can also serve as a proxy for rates of evolutionary change (85).
Using the PIC for the different vertebrae at the tree's nodes, in S/ Appendix,
Fig. S7, we show how certain branch points exhibit higher rates of change in
values occurring after those points.

Analysis of Vertebral Data from Extinct Theropods and Paraves. The
vertebral counts for extinct Theropod and Paraves species were obtained from
a number of literature sources which had analyzed the fossil remains (86-98).
We combined and averaged the counts for all taxa at the genus level. We used
the phylogenetic tree or cladogram from ref. 50 and manually trimmed it to the
taxa for which we have the full vertebral count in the tree shown in Fig. 3C. We
provide a table of all the vertebral data in an online repository as well as the
corresponding source (42).

BLASTing Unannotated Genomes. Many of the genome assemblies in
the NCBI database have not yet been fully annotated. We determined the
approximate location ofthe Hox genes by performing a BLAST search (blastn)(74)
on each genome using the gene sequence from the corresponding Hox gene
from a model organism in that tetrapod class as the search sequence. Thus for
all unannotated bird genomes, for example, we used the chicken Hox genes
to search for the genomic coordinates of their Hox genes. We then manually
curated the search results and only retained species for which we were able to
find all four Hox clusters with the entire cluster located on a single chromosome
or scaffold. We include the list of annotated and unannotated genomes used
in our study in an electronic repository (42), as well as several measures of the
genome quality (coverage), contiguity (scaffold N50), and RefSeq annotation
completeness when available (BUSCO score). In addition to requiring that the
BLAST-identified Hox genes be on a single scaffold or chromosome, we also
required that their significance or "E-value” be < 1 x 10~ The average
E-value for all results was ~8.09 x10~7. We include statistics about the
genome quality and BLAST results in S Appendix, Fig. S11. In addition, we also
plotin SIAppendix, Fig. S10 comparisons between the vertebral counts and Hox
intergenic distances for a restricted set of higher quality genomes with the same
result as in Fig. 4. For the tuatara (Sphenodon punctatus) the location of the top
BLAST hit for HoxB13 was ~231 kb away from the HoxB9 location, which was
nearly twice the distance as other Squamata. Thus for this species and gene
alone we determined the location of HoxB13 using an alternative alignment
tool, progressiveMauve (99).

Determining the CTCF Peak Numbers. We tested the relationship between
the number of CTCF binding sites and intergenic distances in the Hox clusters for
several model organisms in different tetrapod classes. We used experimental
ChIP-seq data from human H1 cells (100), mouse embryonic stem cells (1071),
chicken embryonic cells (102), and frog embryonic cells (103). The human,
mouse, and frog data were already analyzed and mapped to recent genome
assemblies (GRCh38, GRCm38, and xenTro10). We mapped the raw reads for
the chicken data to the bGalGal1 genome assembly using bowtie2 (104) with
standard parameters and used samtools (105) with standard parameters to
remove duplicates and sort the alignments. After smoothing the data, we used
the find_peaks function from the Python scipy signal library (106) to detect
peaks with a prominence larger than one SD of the signal. Using the genome
annotations from NCBI we determined the locations of the Hox genes in each
cluster and counted the number of peaks in between each gene as well as
determined the intergenic distance. We plot the sum of these counts and
intergenic distances for each cluster and species in S/ Appendix, Fig. S9A. The
intergenicdistancesand numberof CTCF binding sites have a Pearson correlation
coefficient of r ~ 0.81 and P-value ~ 1.53 x 104,

silhouette and Images. The silhouette images used in the figures were all
obtained from www.phylopic.org except for Hypotaenidia okinawae which
we created ourselves from an image obtained from the Ryuku Shimpo. The
Jeholornis (Shenzhouraptor sinensis) and Hesperornis (regalis) were created
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by Scott Hartman while the Epidexipteryx (for which we used Scansori-
opteryx heilmannii) and Sapeornis (chaoyangensis) were created by Matthew
Martyniuk under a Creative Commons license (https://creativecommons.
org/licenses/by/3.0/). All other images are in the public domain unless
otherwise noted.

Data, Materials, and Software Availability. The tables of vertebral formulas,
Hox intergenic distances, code for the implementation of PIC and vertebral
analysis, and other relevant information have been deposited in an online
repository (42). Data and code have been deposited in GitHub (https:/github.
com/dbkk/vertebral_pattern).
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