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Figure 6. Temporal dynamics is highly species-specific, including for functionally relevant genes. X-axis indicates the
similarity of expression profiles between pairs of conditions, as measured by the proportion of genes that adopt the same broad
temporal profile of expression. Histograms represent the distribution obtained by randomly sampling sets of 200 genes, and the
color indicates the type of comparison. The arrows represent the profile similarities obtained for functionaly relevant genes
(190 genes from bite-it database).

profiles independently for each tooth (by clustering analysis, Figure 4) and computed
the resemblance between the dynamics of transcriptome in the four conditions. Let’s
consider we are comparing upper molars in mouse and hamster: For each gene, we took
its gene expression profile in the upper molar (VUp), and calculated the correlation of
this vector VUp with the 10 main expression clusters drawn from lower molar expres-
sion. This way, we obtain the cluster with which the vector VUp is best associated. By
construction the expression profile of the same gene in the lower molar (VLo) is asso-
ciated with one of the ten main expression clusters. Are VUp and VLo associated with
the same cluster of expression? Through this simple reasoning, we build an index of
similarity between temporal profiles. We sampled randomly sets of 200 genes, to build
a distribution of the resemblance in temporal profiles. Lower and upper molar of the
same species have twice more resembling temporal profiles than lower molars or upper
molars of different species (Figure 6). This is again a strong indicator that profiles of
expression are more specific to the species than to the type of tooth. The same effect
is seen with a set of genes functionally relevant for tooth development (190 genes from
bite-it database). Gene expression temporal dynamics is poorly conserved for a given
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tooth type, whereas there are extensive similarities between the two teeth of a given
species. This is best explained by Developmental Systems Drift (see discussion).

Furthermore, among the 30% of genes whose profile is similar in the same tooth of
different species, 75% have in fact a similar profile in all four teeth. This leaves only
7% of genes with a conserved lower or upper specific profile. Then, a minor proportion
of the genes display a profile of expression which distinguishes lower and upper molars.
Lower molars (6 cusps in mouse and hamster) have slightly more resembling temporal
profiles than upper molars (6 cusps in hamster, 8 cusps in mouse: the average profile
similarity as measured Figure 6 is 20% higher). Hence, expression dynamics is slightly
more conserved in lower molars than in upper molars. This is coherent with adult
morphologies, but unexpectedly small : From the adult morphologies, much sharper
difference could have been expected.

Discussion

Like in many other developmental systems, global properties of molar development are
conserved for very long periods of time. For instance, playing with levels of signaling
molecules, mouse teeth have been engineered in vitro to generate tooth shapes which
are widespread in the mammalian fossil record [13]. Moreover we know that molar
development in different mammal species use similar set of key signaling pathways
and transcription factors [15]. Then tooth development was expected to be strongly
conserved, especially in closely related species like mouse and hamster (estimated di-
vergence time = 24 MYA [18]). Here, as a read-through of the development process
we quantify the similarities in genome expression during molar crown morphogenesis
in mouse and hamster. We find that expression profiles are twice more similar within
species than within tooth type. This is also true for developmental genes, even for genes
known to function in tooth development. This is even more pronounced for expression
levels. How to interpret this observation? We did expect a difference in upper molar de-
velopmental processes, because the crown morphology has been drastically transformed
in mouse. Seeing that the development was nearly as different between lower molars,
is much more astonishing. Such rapid evolutionary changes in the developmental pro-
grams of both molars, without relation to the final morphology, is best explained by
Developmental Systems Drift. Below we hypothesise that the molars, and serial organs
in general, may be particularly prone to DSD.

Lower and upper molars morphological evolution was described up to their origins in
early mammals. They already displayed different morphologies at the time [34]. Hence,
it would be far-stretched to pretend that they have ever shared the same developmental
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mechanism. But it is both expected [35, 34]) and observed (Pantalacci et al, submitted)
that similar gene regulatory network are directing the development of upper and lower
first molars. Indeed, different types of teeth in mammals, but also fore- and hindlimbs,
plant leaves and insect appendages, are serial organs, that is, multiple realisations of
a very similar developmental program, which share the same genes except 1-3 “selec-
tor” genes (homeotic genes). This causes extreme pleiotropic effects. A mutation at
one gene can affect the development of all iterations of the same serial organ [23]. In
accordance with this idea, upper and lower molar shape covary in wild rodent popu-
lations/species [26]. Intuitively, one may think that such gene pleiotropy will induce
a strong conservation of the development (Fisher’s models) by the effect of a strong
purifying selection. But at the same time, the idea that pleiotropy would strongly con-
strain the evolution of these organs is contradicted by the fact that the morphology of
different types of serial organs is extremely variable in the same organism and in evolu-
tion. Counter-intuitively, pleiotropy may induce extensive developmental system drift,
according to a model proposed by Pavlicev and Wagner [23]. This model, termed “se-
lection, pleiotropy and compensation model” (SPC model), is in two steps. One genetic
change which has an strong adaptive effect on one organ is fixed (Step 1). Because of
pleiotropy, it is associated with antagonist (deleterious) effects on other organs. Hence,
this initial adaptive change is followed by subsequent selection in favor of supplemen-
tary changes to compensate these pleiotropic effects (Step2). Importantly, although
such compensatory changes are selected for by stabilizing selection, they amplify the
divergence in development between species, producing extensive developmental sys-
tems drift. Serial organ pleiotropy is very high, thus this hypothetic mechanism could
work strongly and serial organ be prone to DSD. In our specific case, accommodation of
lower molar for drastic upper morphological change in mouse may have further ampli-
fied DSD. DSD may facilitate differential morphological evolution of serial appendages,
because it is enabling one appendage to cope with extensive changes in the other.

Furthermore, DSD may be facilitated by because molars have a peculiar mode of
development. During tooth development, signalling and tissue growth are intermin-
gled, in what is called a morphodynamic mechanism. It has been proposed, based on
modelling and experimental data, that Genotype-Phenotype relationship is complex in
these cases, with several genotypes producing the same phenotype [30, 31]. In other
words, different developmental trajectories can lead to the same phenotype. DSD may
be facilitated in morphodynamic systems like rodent molar [33]. We note that many se-
rial organs develop through morphodynamic mechanisms (arthropod appendages, limb,
teeth, leaves...). Hence the model proposed here may apply to other serial appendages
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in general. To push the model of Pavlicev and Wagner further, we suggest that DSD
and morphodynamic mechanisms may work hand in hand to alleviate the pleiotropic
constraint. This may have render possible the emergence of generalized pleiotropy in
developmental systems, while preserving their evolvability.

Methods (preliminary draft)

Mice breeding and embryo sampling

CDI1 (ICR) adult mice and AURA adult hamsters were purchased from Charles River
and Janvier Laboratories, respectively (France). Females were mated overnight (night
at 20:00 pm) and the noon after morning detection of a vaginal plug was indicated
as embryonic day (ED) 0.5. Other breeding pairs were kept in a light-dark reversed
cycle (night at 12:00 pm), so that the next day at 16:00 pm was considered as ED1.0.
Pregnant females were killed by cervical dislocation (mice) or medicamentous overdose
(hamster) and embryos were harvested on cooled Hank’s or DMEM advanced medium,
weighted as described in [73] and immediately decapitated. This study was performed
in strict accordance with the European guidelines 2010/63/UE and was approved by
the Animal Experimentation Ethics Committee CECCAPP (Lyon, France; reference
ENS _2012_045).

Epithelium dissociations and in situ hybridizations

Complete or hemi mandibles and maxillae were dissected in Hank’s medium and treated
with Dispase (Roche) 100% at 37°for 1h30 to 2h20 depending on embryonic stage.
Epithelium was carefully removed and fixed overnight in PFA 4% at 4°. DIG RNA
antisense Fgf4 probe were prepared from plasmids described elsewhere [74]. In situ
hybridization was done according to a standard protocol. Photographs were taken on
a Leica M205FA stereomicroscope with a Leica DFC450 digital camera (Wetzlar, Ger-
many) or on a Zeiss LUMAR stereomicroscope with a CCD CoolSNAP camera (PLA-
TIM, Lyon).

RNA-seq sample preparation

In mouse, 16 samples were prepared for upper and lower whole tooth germ RNA-seq
analysis. This adds to the 16 samples described previously (Pantalacci et al., submitted).
We obtained a total of 32 samples representing 8 stages (ED14.5, 15.0, 15.5, 16.0, 16.5,
17.0, 17.5, 18.0), coming from 8 individuals. In hamster, 32 samples were prepared,
representing roughly 8 stages (from ED12.5 to 14.5), coming from uppers and lower
first molars of 16 individuals.
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Each sample contained 2 tooth germs, the left and right first molars (M1) of the same
male individual, and for a given stage, the upper and lower samples came from the same
individual. The heads of harvested embryo were kept for a minimal amount of time in
cooled PBS (small scale) or advanced DMEM medium (large scale). The M1 lower
and upper germs were dissected under a stereomicroscope and stored in 200ul of RNA
later (SIGMA). Similarly dissected tooth germs from the same litter and same weight
were fixed overnight in PFA 4% for immunolocalization and 3D reconstruction (see
later). Another embryo of the same litter and same weight was processed as indicated
above for Fgf4 in situ hybridization. For epithelium and mesenchyme specific samples,
tooth germs were dissected as above, then the two components were separated follow-
ing a dispase treatment (15 minutes, 37°, ROCHE) and immediately stored in RNA later
(SIGMA).

Total RNA was prepared using the RNeasy micro kit from QIAGEN following lysis
with a Precellys homogenizer. RNA integrity was controlled on a Bioanalyzer (Agi-
lent Technologies, a RIN of 10 was reached for all samples used in this study). PolyA+
libraries of the large-scale dataset were prepared with the Truseq V2 kit (Illumina), start-
ing with 150ng total mRNA and reducing the amplification step to only 12 cycles and
sequenced (100 bp paired-end sequences) on an Illumina Hi-seq2000sequencer at the
GENOSCOPE (Evry, France). Raw data 1s available in the gene expression omnibus
repository (XX).

Expression levels estimation using RNA-seq and differential expression
analysis.
Comparable sequences for 10,516 pairs of orthologous genes were extracted by an auto-
mated and accurate pipeline (Amalgam, GitHub https://github.com/CarineRey/
apytram) which combines data from RNA-Seq and existing multi-species gene fam-
ily alignments. In Amalgam, reconstructed sequences are first attributed at the good
gene family and then aligned in the corresponding existing multi-species gene fam-
ily alignment. Then an accurate gene tree is inferred to use phylogenetic proximity
between sequences as gene annotations. This allows taking into account complete ge-
nomic knowing of this clade (duplication, and losses) and not of an unique reference
species. Reads were mapped to theses sequences using Bowtie2 (version 2.0.2) with
standard settings. We obtained a median of XX million reads that mapped uniquely.
Raw counts for the published datasets by Brawand et al [5] were obtained, and anal-
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ysed by DEseq2 to obtain the lists of genes differentially expressed with species or
tissue factor. A subset of the whole dataset (primates and rodents only) was used in this
analysis.

Two main analysis used in the text include differential gene expression analysis (DE)
and multivariate analysis. Differential expression analysis was performed using DEseq
package (DESeq?2, version 1.6.3 [21]), with settings indicated in the main text. Mul-
tivariate analyses (principal component analyses, between-class analysis and coinertia
analysis) were performed using ade4 package (ade4_1.6-2 [8]).

Gene Ontology analysis

Gene ontology (GO) analysis were performed and visualized with GORILLA and GOStats
(version 2.34.0, withMmusculus .UCSC.mm10.ensGene_3.1.2 and GO.db_3.1.2),
using the full list of genes expressed in the corresponding dataset as a background.

Clustering of upper and lower time-series and estimation of similarity be-
tween temporal profiles in pairs of conditions.

First, to allow the comparison of temporal profiles between different species and dif-
ferent tooth types, we constructed a dataset with comparable timepoints. For this, we
considered the second principal component (PCA2) as an index of developmental tim-
ing. We divided the range of coordinates on PCA2 in 8 windows of equal size, and
for each gene and each window we extrapolated the expression level that is expected at
each window boundary (taking the median expression levels of the samples that belong
to this window do not change qualitatively the results). This is schematized on the top
of the figure 4.

Then, for each gene and at each stage of development, we took the level of expres-
sion divided by the initial level of expression (i.e. level at stage ED 14.5). To classify
the genes we first generated theoretical profiles representing all possible combinations
of transitions between stages (expression level being either increasing, decreasing or
flat between the 8 consecutive stages), making up a total of 2,187 profiles. We then
correlated each real expression profile to each theoretical profile using Spearman cor-
relations. We clustered the obtained correlation matrix using K-means (choosing 10
clusters, and checking that the obtained profiles are repeatable over several iterations of
the method). The median of the expression profiles of these 10 clusters are drawn on
figure 4. Similarities between the different time-series was computed as follows, taking
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the example of lower/upper comparison in mouse, but same reasoning was applied to
all comparisons: We computed the number of genes which lower timeprofile is robustly
assigned to one of the 10 main “lower” clusters (Pearson R>0.7). We counted, the
number of genes whose timeprofile in upper molar associates best (and with R>0.7)
to the same lower cluster: such genes have similar timeprofile during lower and upper
molar development. The ratio of this number to the total of genes is an index of profile
similarity between lower and upper molars un mouse.

Estimating tissue proportions from RNAseq data : deconvolutions
Performing gene expression deconvolution, is estimating cell type proportions (and/or
cell-specific gene expression signatures) from global expression data in heterogeneous
samples. Here, we used the R package CellMix (CellMix;.6.2, [9]), to estimate the pro-
portions of the three tissue compartments in our tooth germ transcriptomes. CellMix
implements in particular the method Digital Sorting Algorithm (DSA) which performs
complete gene expression deconvolution using a set of marker genes only.

We needed therefore to define 3 sets of markers, as specific as possible for each
tissue compartment (epithelium, mesenchyme, enamel knot). We used 6 enamel knot
markers with a large pattern of expression obtained from bite-it database (Fgf4, Slitl,
Wnt3, Wntl10a, Dkk4 and Fgf20). Epithelium and mesenchyme markers were defined
separately for mouse and hamster, based on our pure-tissue RNAseq data. We selected
genes for with significant difference in expression levels between mesenchyme and ep-
ithelium (adjusted p-value < 0.1) with a log fold change greater than 5. The result
does not change depending on the threshold used (3x up to 7x). The threshold used
was set up to guarantee enough markers relatively equilibrated among the 3 tissues, and
yet that are specific enough for the tissue under study. To get an idea of the sensitivity
of the results to the choice of the set of markers, for each analysis, we computed 500
bootstrapped values by randomly resampling half of the epithelial and mesenchymal
markers and recomputing deconvolutions on these 500 random subsets. The average of
these resamplings are indicated in the barplots (Sup figure 8).

Modeling the timing of cusp patterning

We modeled the timing of cusp patterning as a continuous time Markovian process, with
successive states the numbers of cusps, from O to the final number. Each state N has a
specific rate of exit gy, to the next state N 4 1. It means that sojourn time in N follows
an exponential distribution of mean qLN. The final state is the absorbing state. From this,
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we build the generator Q of the Markovian process of succession between states. The
probability to observe a number n of cusps at time ¢ is the value of transition probability
matrix e?’ at coordinates (0,n). If all states have the same mean sojourn time, all param-
eters gy are equal, and the model has only one parameter. On the contrary, when all gy
are independent, there are as many parameters as the final number of cusps.

Concretely, the input data corresponds to N=141/153 teeth sampled for upper/lower
molar in mouse, and 87/86 teeth sampled for upper/lower molar in hamster. On each
tooth, patterned cusps were counted on Fgf4 in situ hybridizations of the dissociated
epithelium. The development time was estimated in each sample through the weight of
the embryo (in milligrams). In hamster, the relationship is the following:

weightV? +5.3791
0.7426

The best transformation was obtained by a boxcox procedure, but is essentially similar
to squared root of the weight. In mouse, the relation is the following :

weight®?3 +2.4141
0.4192

Dev.Time.Hamster =

Dev.Time. Mouse =

Statistical analysis

Statistical analysis was performed using R (version 3.2.2, 2015-08-14), with ggplot2 for
graphics (ggplot21.0.0). The data and R scripts, which permit to reproduce the figures
and tests presented here, are provided in supplementary material XX.
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Figure 7. The distance between upper and lower transcriptomes peaks in early morphogenesis. Between multivariate analysis
was used to extract an axis of variation associated to the difference between upper and lower tooth in the whole dataset. The
distance between upper and lower samples from the same embryo on this axis is represented on the y-axis (in black for mouse
embryos, in grey for hamster embryos). The x-axis is the second axis of the PCA (as in Figure 5-A) which is a developmental
clock. The curves represent the best polynomial fit of this data (R2=0.51; quadratic term of the relation between y and X,
p=0.00422). The index of upper/lower transcriptomic distance is significantly higher in mouse (p=0.0044) than in hamster.
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Figure 8. Mesenchyme proportions in mouse (A) and hamster (B) estimated from deconvolutions for 8 developmental stages.
Markers for enamel knot were obtained from bite-it database (6 markers). Markers for mesenchyme and epithelium were
obtained separately for each species from pure tissue transcriptomes. Left: The median proportion from 500 resampling of half
of the markers is indicated for each time point. Right: the average of the time points is indicated.
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Figure 9. Principal component analysis with 32 samples from both species and tooth types. The location of the samples on the
2 first principal components is shown. All samples come from the same run of sequencing, and the libraries were prepared
together. The mouse samples (left) and the hamster samples (right) are clearly separated. The upper/lower samples
(respectively circles and triangles) are not separated on this map.
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