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Waddington proposed that selection tends to stabilize
development along particular paths, a phenomenon he
called “canalization”1. He tested this idea by selecting

for an induced trait in the presence of a teratogen (e.g., ether and
the bithorax phenotype) and obtained individuals in which the
trait appeared without the teratogen2. He hypothesized that
selection had stabilized development around the induced
trait such that it no longer needed the environmental stimulus.
Concurrent work by Waddington and others showed that
mutations with major effects tended to be more variable than the
wild type3–6. This observation was also explained by invoking
canalization. Mutations were hypothesized to increase variance by
disrupting evolved mechanisms that buffered variation around a
phenotypic mean7. This tendency for resistance to perturbation in
development, or robustness, is widely thought to be a funda-
mental property of complex life8. Yet, the mechanisms respon-
sible for promoting and modulating robustness remain largely
unknown9.

Wagner et al.10 defined canalization as suppression of pheno-
typic variation among individuals due to insensitivity to either
genetic or environmental effects. This definition hinges on a
distinction between the frequency distribution of the genetic or
environmental factors that cause variation and the magnitudes of
phenotypic effect associated with those factors. A mutation or
environmental effect disrupts or decreases canalization when
phenotypic variance is increased, while all other genetic or
environmental effects are unchanged.

Two kinds of mechanisms have been proposed to explain
canalization. In one, specific molecular mechanisms such as
heat shock and other chaperone proteins11–14 or microRNAs15

buffer against perturbations and suppress the expression of
variation. In the other, canalization emerges from redundancies,
feedback loops, and other features of developmental
systems9,16–20. These explanations are not mutually exclusive,

and multiple mechanisms may act simultaneously at different
levels of development9. However, they differ in that one posits the
existence of organism-wide buffering processes that reduce var-
iation, while the other holds that robustness emerges from the
same mechanisms that generate variation in specific traits. A
common feature of developmental systems explanations for
robustness is the importance of nonlinearity21–24.
Ligand–receptor binding, often described with a Hill function, is
commonly nonlinear25. The same is true for transcriptional
regulation26. Within tissues, processes such as the diffusion of a
morphogen are nonlinear in ways that depend on anatomical
context27. Genetic variation influences the phenotype via devel-
opmental processes that act at different scales, times, and loca-
tions within the organism, complicating the relationship between
genotype and phenotype17,28. Therefore, it is not clear how
nonlinearities in specific mechanisms translate to quantitative
relationships between genetic and phenotypic variation.

Lewontin introduced the genotype–phenotype (G–P) map to
conceptualize relationships between genetic and phenotypic var-
iation29. G–P maps are often nonlinear, as evident in dominance
and epistasis30,31. While much has been learned about the
developmental mechanisms that construct vertebrate morphol-
ogy, much less is known about the relationship between devel-
opmental and quantitative phenotypic variation. Alberch32

suggested a framework for incorporating development into G–P
maps, and Rice33 developed quantitative genetic theory to for-
mally relate variation in development to phenotypic variation.
Curvatures in the developmental landscape indicate nonlinear
relationships between developmental processes and phenotypic
variation. More recently, Morrissey34 provided a theoretical fra-
mework to quantitatively relate developmental and phenotypic
variation for such nonlinearities. A consequence of such non-
linear G–P relations is modulation of the amount of phenotypic
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Fig. 1 Nonlinearities at multiple levels across development modulate variance. a General model of a nonlinear genotype–phenotype map where the amount
of a particular developmental process (e.g., cell survival, proliferation, and Fgf signaling) determines mean phenotype. Note that the same amount of
variation in the mechanism (“wild-type” gene expression—blue vertical bar, “mutant” gene expression—red vertical bar) can generate vastly different
amounts of phenotypic variation. This model yields a canalized region where variance is buffered (“wild-type” shape variation, blue horizontal bar) and an
area where canalization is lost (“mutant” shape variation, red horizontal bar). b Hypothetical model of how nonlinear genotype–phenotype relationships are
generated at multiple biological levels. The top left panel shows that gene expression will relate linearly to cranial phenotype. The top mid panel shows that
changes in the gene regulatory network (GRN) downstream to Fgf8 respond either nonlinearly, driving change in the phenotypic mean (red line), or act in a
compensatory manner, buffering the effect of variation in Fgf8 (green line). The top right panel shows that morphology will relate nonlinearly to Fgf8 level,
potentially due to nonlinear changes in the underlying cell biological processes. Variances are influenced at the level at which the nonlinearity arises
(lower panels)
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variance for a given amount of variation in some developmental
factor (Fig. 1a)16–18,35.

We previously demonstrated significant nonlinearity in the
relationship between sonic hedgehog signaling and embryonic
facial shape36. Variation in the three-dimensional morphology of
the face is far removed from nonlinear molecular processes or
the theoretical dynamics of gene regulatory networks. For this
reason, it is not at all clear that the theoretical predictions
that link nonlinearity to phenotypic variance should hold across
the vast complexity of the G–P map. To test the hypothesis that
a nonlinear G–P relationship predicts variation in robustness,
we examine how variation in Fgf8 expression affects the mean
and phenotypic variance for craniofacial shape.

Fgf8 is appropriate for this study as it drives a central pathway
in craniofacial development37–39. Fgf8 is a signaling factor that is
expressed in the facial and oral ectoderm, where it directs
craniofacial pattern and polarity40,41. Fgf8 is absolutely required
for proper development of facial structures42,43. Fgf8-expressing
cells form a boundary with Shh-expressing cells to form the
frontonasal ectodermal zone, which directs the outgrowth of the
facial prominences and has also been implicated in their
evolution44,45.

We predict that Fgf8 expression relates nonlinearly to cranio-
facial phenotype. Further, we predict that the shape of the
curve relating mean phenotype to Fgf8 level will dictate the
phenotypic variance within and between genotypes. Genotypes
falling on the steeper portions of the curve will have higher
variances (differences among individuals within genotype) than

the genotypes falling on flatter portions. Likewise, different
genotypes that fall along the steeper portions of the curve will
have higher genetic variances, while those along the flatter
portion of the curve will show little phenotypic variation (Fig. 1a).
At the transcriptome level, we further predict that there will be
both compensatory and downstream gene expression changes
(Fig. 1b). We show that once Fgf8 falls below a threshold level,
there is both a change in the mean cranial shape and an increase
in the variance of that shape. We further show that changes in
phenotypic variance do not relate to increases in gene expression
variance and that there are both nonlinear and linear downstream
gene expression changes.

Results
Allelic series generation. To modulate Fgf8 expression during
facial morphogenesis, we used two allelic series of mice varying in
Fgf8 dosage. The first, Fgf8neo, was generated from the Fgf8
neomycin cassette insertion series46. This series includes a full
null allele, as well as a hypomorphic allele due to the retention of
the neomycin insertion. The second series, Fgf8;Crect uses the
floxed allele that was generated after the removal of the neomycin
cassette to delete Fgf8 specifically in the ectoderm using the
ectodermal cre, Crect47 (Fig. 2a). In the Fgf8neo series, Fgf8 levels
are affected globally from fertilization46. Fgf8;Crect embryos show
loss of Fgf8 in the ectoderm and decreased Fgf8 in the forebrain
beginning by E10.0 (Fig. 2b). We chose these two series because
their combination results in nine alleles of Fgf8 generating a series
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Fig. 2 Generation of the allelic series. a E9.5 and E10.5 expression of CRECT as detected by crossing CRECT males with B6;129S4-Gt(ROSA)26Sortm1Sor/J
(R26R) females and staining the embryos for beta-galactosidase expression. Note the thin layer of blue present over the entire embryo showing the
ectodermal CRE expression. b In situ hybridization showing regions of decreased Fgf8 in the E10.0 Fgf8flox/flox;Crect embryos. c qRT-PCR of cranial tissue
showing Fgf8 levels by genotype; sample size is between 2 and 22 samples per group. The box represents 1.5× the interquartile range of the data. Allelic
series for Fgf8 generates gradual loss of Fgf8 mRNA. Data shown is the delta–delta-CT value, where data were normalized against the mean delta-CT for
the WT group. The homozygous null is not included as it is lethal
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of gradations in Fgf8 dosage (Fig. 2c, Supplementary Table 1).
Mean Fgf8 levels in the head for the nine genotypes relative to the
wild-type embryos from the Fgf8neo series vary significantly
(ANOVA, df = 69, 8, P< 1*10–7), ranging from 0.14 to 1.1
(Fig. 2c), yet we detect no difference in the variance of gene
expression across the genotypes (Levene’s test, df = 69, 8,
P = 0.2043). Further, by deleting Fgf8 in two different ways, we are
able to show consistency between different mechanisms of Fgf8
loss. Facial phenotype is assessed by geometric morphometric
analysis48,49 at embryonic day 10.5 (E10.5) and immediately after
birth, postnatal day 0 (P0). These time points capture early face
formation and late fetal skull formation.

Generation of a genotype–phenotype map. To determine the
shape of the G–P map for Fgf8 expression, we determined Fgf8
expression by quantitative real-time PCR (qRT-PCR) of the head
and craniofacial shape via three-dimensional landmark-based
geometric morphometrics48,50. Here, the perturbation is the
modification of Fgf8 level across genotypes, while the phenotype
is a multivariate measure of facial shape as determined from
three-dimensional landmark data. The nine genotypes also vary
significantly in facial shape at both E10.5 and P0, as determined
by ANOVA (P<0.01). Using principal component analysis
(PCA), we determined that the allelic series ordinates along the
first principal component (PC) of craniofacial shape (Fig. 3). At
both developmental stages, Fgf8 expression accounts for a

significant proportion of shape variation (7.1% of shape variation
at E10.5 and 16.4% at P0), as determined by multivariate
regression after standardizing for embryo age (E10.5) or size
(P0)51. At E10.5, the genotypes vary along PC1 by Fgf8 level
(Fig. 3a, b). A similar pattern is seen at P0, showing that the
correlation is preserved throughout embryogenesis (Fig. 3c, d).

To model the relationship between Fgf8 expression and
phenotypic variation, we used Morissey’s34 quantitative model
for nonlinear G–P maps. This model produces a prediction of the
amount of variance that should be observed given a nonlinear
G–P map. To generate the curve used to test Morrissey’s model,
we fit the Fgf8 gene expression data, and the phenotypic data
(3D landmark data) to a von Bertalanffy curve using least-squares
regression. The phenotype data used was the regression score
from a multivariate regression of our normalized Procrustes
coordinates on Fgf8 level—which generates single variable shape
score48. These curves are shown in Fig. 4a, b.

Loss of Fgf8 affects phenotypic variance. The Morrissey model,
based on the mean and standard deviation of our Fgf8 gene
expression data, predicts that variation in Fgf8 expression has
little effect on shape metrics (phenotypic value or regression
score) when Fgf8 expression is >40% of the wild-type level,
while below this point, variation in Fgf8 expression produces
increasingly large effects on the mean phenotype. Figure 4c, d
shows the predicted relationship between the variance of Fgf8
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Fig. 3 Shape changes in response to decreased Fgf8 gene dosage. Principal component analysis (PCA) of shape at E10.5 (a, b) and P0 (c, d). Gray embryos
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were analyzed and divided between groups as follows: WT (+/+)= 22, Flox/+= 29, Neo/+= 41, Flox/−= 10, ±= 25, Flox/+;Crect= 21, Flox/−;Crect= 19,
Neo/Neo= 17, and Neo/−= 3 (w/all landmarks present). A total of 156 embryos were analyzed and divided between groups as follows: WT (+/+)= 27,
Flox/+= 15, Neo/+= 30, Flox/−= 13, ±= 16, Flox/+;Crect= 16, Flox/−;Crect= 19, Neo/Neo= 12, and Neo/−= 8

ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/s41467-017-02037-7

4 NATURE COMMUNICATIONS |8:  1970 |DOI: 10.1038/s41467-017-02037-7 |www.nature.com/naturecommunications

www.nature.com/naturecommunications


expression and phenotypic variance at four mean expression
levels for the E10.5 and P0 samples. These results show that the
variance of Fgf8 expression will have little effect on phenotypic
variance when Fgf8 level is >50% of the wild-type level, while the
phenotypic variance becomes increasingly sensitive to gene
expression variance below this point.

Figure 5a, b shows the individual-level data for the regression
of shape against mean Fgf8 level. The von Bertalanfy curve
explains 54% of the phenotypic variance at E10.5 and 84% at P0.
Fgf8 expression measured by RT-PCR in the head relates
nonlinearly to craniofacial morphology. Following the prediction
of the Morrissey model, when Fgf8 levels are above 40% of wild-
type levels, the effect on mean shape is minimal. Below this point,
however, the phenotype deviates sharply. When Fgf8 expression
levels are reduced below 40% of wild-type levels, small differences
in Fgf8 expression have large phenotypic effects.

To determine whether nonlinearity predicts robustness, we
plotted variance in face shape against Fgf8 expression across
genotypes. No change in shape variance, measured as the
Procrustes variance or morphological disparity48,49, is seen until
Fgf8 expression drops below 40% of wild-type levels (Fig. 5c). As
predicted, shape variance dramatically increases below 40%
expression in both the E10.5 and P0 samples, corresponding to
the point at which the phenotype becomes sensitive to Fgf8 levels
(P values between groups—Supplementary Table 2). The only
exception is for E10.5 Fgf8;Crect embryos, likely due to the fact
that Crect does not activate until E9.5. By P0, this group has
significantly increased phenotypic variance (Supplementary
Table 2). At P0, the Fgf8neo/− embryos are so highly dysmorphic
that most of them could not be landmarked and so were not
included in the variance analysis (Supplementary Fig. 1).

Effects on gene expression. To eliminate the possibility that
differences in genetic variance across the allelic series account for
the differences in phenotypic variance, we quantified genetic
variance from high-resolution SNP data. These results show no
relationship between genetic variance and phenotypic variance
across the allelic series (Supplementary Fig. 2).

We determined the genome-wide changes in expression across
the allelic series at E10.5 using RNAseq. We reduced the
transcriptome data using PCA. The pattern of gene expression
within genotypes varies across the allelic series. PC1 of the
transcriptome accounts for 44% of variation in gene expression.
We interpret this PC to reflect the coordinated genome-wide
changes in gene expression across the allelic series. This PC1
ordinates the allelic series (Fig. 6a). Mean Fgf8 expression level by
genotype accounts for 30% of the variation in PC1 of the
transcriptome (Fig. 6b). For further analysis, the data were
separated into three groups: all genes, the MapK Kegg pathway,
and a hand-curated list of 15 known, direct Fgf target genes
(Supplementary Table 3). The MapK Kegg pathway was selected
as Fgf signaling falls within the MapK signaling cascade. In all the
genes and in the MapK pathway, there appears to be a curve in
the data; however, each group is statistically different from its
neighbor (Fig. 6c, d). This nonlinearity becomes more pro-
nounced for the Fgf downstream targets. For these genes,
expression level does not differ significantly among the hetero-
zygote genotypes (T test, P = 0.96; Fig. 6e). The lack of change
between these groups generates a flat region in the curve with an
inflection point at 40–50% of the wild-type Fgf8 level,
demonstrating nonlinearity.

To test the hypothesis that the low Fgf8 expression genotypes
have increased phenotypic variation because of less coordinated
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or dysregulated gene expression, we obtained the complete set of
pairwise correlations between gene expression levels across
individuals within genotypes. If phenotypic variances are low
within a genotype, one might expect the genomes of individuals
to be expressed in similar ways, while high phenotypic variance
might be associated with large differences in gene expression

among individuals. High correlations indicate a high degree of
consistency among individuals within genotypes. We performed
this analysis for both genome-wide and for each of the two groups
of genes known to be downstream of Fgf8. This analysis revealed
no evidence of dysregulation of gene expression across the allelic
series. The pairwise correlations genome wide or within likely
downstream targets show no detectable pattern across genotypes
(Fig. 6f–h).

To determine whether the transcriptomic data show evidence
of compensatory changes that could explain the lack of
phenotypic response above 40% of the wild-type Fgf8 expression
level, we searched for significant correlations between groups of
genes and Fgf8 level across individuals and genotypes. Resam-
pling revealed elevated (P<0.05) correlations for the reactome
Fgf downstream-signaling pathway, but not for Wnt, apoptosis,
MapK Kegg, and hedgehog pathways. Eight individual genes fell
outside of the 95% confidence interval based on genome-wide
resampling of a similar number of genes. This list includes Fgf4
and Trib3 that are negatively correlated with Fgf8, and Fgf17,
Etv4, Prkcg, Spry1, Spry4, and Rictor that correlate positively. The
two Sprouty (Spry) genes and Etv4 are known to be downstream
of Fgf8, suggesting that Fgf8 signaling modulates downstream
genes across the entire range of expression. A MANOVA
shows that the genotypes vary significantly in the expression of
these downstream genes (Pillai’s trace = 2.1, P<1*10–5). As a
confirmation, we performed RT-PCR analysis on these eight
genes and compared them against the Fgf8 levels for each sample
(Fig. 7). While Fgf4 failed to reach statistical significance, Trib3
does appear to be weakly, but significantly negatively correlated
with Fgf8 level. All other genes were positively and significantly
correlated with Fgf8 level. Fgf17, for example, trends toward mild
upregulation in the Neo/+ group (1.27± 0.16 vs. 1.06± 0.32,
Student’s t test, P = 0.15). Mean levels by genotype and standard
deviations have been listed in Supplementary Table 4. These
results suggest that there may be genes that change in expression
to compensate for loss of Fgf8, though this requires further
investigation.

Discussion
We show that nonlinearity in the G–P relationship for Fgf8
expression predicts phenotypic robustness. Progressive reduction
in Fgf8 yields a nonlinear relationship to phenotype, affecting
both mean facial shape and the magnitude of phenotypic
variance. Development tolerates a large amount of change in Fgf8
expression around wild type, but only to a point, after which
small changes in Fgf8 lead to large changes in phenotype, thus
permitting more morphological variance to be generated in a
population for a given amount of variation in Fgf8. These findings
show that nonlinearity in a single pathway can propagate across
the many levels of organization (molecular, cellular, tissue, etc.)
that channel information from genotype to phenotype, providing
a viable mechanistic explanation for canalization (Fig. 1).

Our results are consistent with the hypothesis that the non-
linear G–P map for Fgf8 explains the differences in phenotypic
variance across the Fgf8 allelic series. There are minor differences
among individuals in Fgf8 expression within each genotype for
the allelic series. Our model predicts that these minor differences
will translate to different magnitudes of phenotypic variance
along the curve that describes the relationship between Fgf8
expression and the mean cranial phenotype at each point along
the curve. This result implies that robustness can emerge in
developmental context as a consequence of nonlinearities in
development. This contrasts with explanations for canalization
that involve dedicated mechanisms such as heat shock proteins
that regulate variability organism wide. Our results do not
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c Variance as calculated by the Procrustes variance or morphological
disparity49,80. The white vertical line shows an apparent threshold near
40% of wild-type Fgf8 level. P values between groups are shown in
Supplementary Table 2
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preclude the existence of such mechanisms, but they provide an
additional and, perhaps, more general explanation for genetic and
environmental influences on phenotypic robustness.

An alternative explanation to the changes in variance along the
range of Fgf8 expression is that disruptions to Fgf8 expression
dysregulate downstream gene regulatory networks, producing
increased variance in gene expression that translates to increased
phenotypic variance. Such disruptions might be specific to
downstream targets of Fgf8 or be more widespread. By this
explanation, differences among individuals are greater at the
lower range of Fgf8 expression because these individuals also
vary in expression of downstream genes. It predicts that as Fgf8

dosage falls below the threshold, the variance of downstream gene
expression increases. This explanation relies on the idea that
extreme changes in gene expression may have systemic destabi-
lizing effects on development. This is implicit in the Hsp9012

explanation for the source of robustness, as well as in several
older explanations for canalization such as Lerner’s genetic
homeostasis model52. However, we found no evidence of
increased variance of gene expression, suggesting that the
increased phenotypic variance in genotypes producing low levels
of Fgf8 is not attributable to greater instability of the downstream
gene regulatory network.

–5

0

5

–10 0 10
PC1: 44% variance

P
C

2:
 1

6%
 v

ar
ia

nc
e

Genotype

+/+ (WT)

Neo/+

+/– (Het)

Neo/Neo

Neo/–

a PCA for gene expression

–10

0

10

0.0 0.25 0.50 0.75 1.0 1.25
Fgf8 level by RT-PCR

P
C

1 
(4

4%
 v

ar
ia

nc
e)

Adj R 2 = 0.30684

b PC1 regressed on Fgf8 expression

c d e

f g h

0.0

0.2

0.4

A
ve

ra
ge

 fo
ld

 c
ha

ng
e 

di
ffe

re
nc

e

Genotype
Neo/+

+/– (Het)

Neo/Neo

Neo/–

0.0

0.2

0.4

0.25 0.50 0.75 1.00
Fgf8 level

0.25 0.50 0.75 1.00
Fgf8 level

0.25 0.50 0.75 1.00
Fgf8 level

0.25 0.50 0.75 1.00
Fgf8 level

0.25 0.50 0.75 1.00
Fgf8 level

0.25 0.50 0.75 1.00
Fgf8 level

A
ve

ra
ge

 fo
ld

 c
ha

ng
e 

di
ffe

re
nc

e

0.0

0.2

0.4

A
ve

ra
ge

 fo
ld

 c
ha

ng
e 

di
ffe

re
nc

e 0.6 0.60.6

*

*

*

*

*

*

* *

2.0

2.5

3.0

3.5

Z
 tr

an
sf

or
m

ed
 -

co
rr

el
at

io
n

All genes

All genes

3.5

4.0

4.5

Z
 tr

an
sf

or
m

ed
 -

co
rr

el
at

io
n

MapK Kegg pathway

MapK Kegg pathway

2.0

2.5

3.0

3.5

4.0

Z
 tr

an
sf

or
m

ed
 -

co
rr

el
at

io
n

Genotype
+/+ (WT)

Neo/+

+/– (Het)

Neo/Neo

Neo/–

Fgf8 downstream targets

Fgf8 downstream targets

* ****

P = 0.010019

Fig. 6 Gene expression changes across the Fgf8 allelic series. a PC 1 and 2 plot of RNAseq data (18 samples). No differences in dispersion are observed
between groups. b Relationship between PC1 of the RNAseq data and Fgf8 level for each sample as quantified by RT-PCR. The blue line shows the line of
best fit, gray shows the 20% error around the line. c–e Average absolute value fold change (dot) and average absolute value standard error of the fold
change (error bar) between each mutant genotype and wild type, c all measured genes, dMapK Kegg gene list (174 genes), and e Fgf8 downstream targets
(15 genes). The asterisk represents P<0.05 (bootstrap resampling) between nearest-neighbor groups (shown between the groups). The white vertical line
shows an Fgf8 level of ∼40%. f–h Z-transformed covariance between each embryo within a genotype on f all genes, g MapK Kegg gene list (174 genes),
and h 15 known Fgf8 downstream targets (Supplementary Table 3). The asterisk represents P<0.05 (bootstrap resampling) between group and wild type
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