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In 1942 Waddington observed that phenotype variation among mutant ani-
mals is greater than in wild types. Here we update this observation to depict
unexpected relationships between phenotype severity and variation. Using a
zebrafish mef2ca allelic series representing a range in craniofacial phenotype
severity, we tested the straightforward hypothesis that as phenotype severity
increases, variation increases. We found that severity and variation were
positively correlated, but only to a point. Variation collapsed in the most
severe conditions. Mathematically, we found that the best fit for the rela-
tionship between severity and variation is a quadratic function. Across both
zebrafish craniofacial phenotypes and human genetic disease, wild-type con-
ditions produced low variation, moderate severity was associated with high

variation, and conditions of extreme severity resulted in low variation. We
propose that the quadratic relationship between severity and variation is a
universal principle of biology that until now has not been formally tested.

It has long been observed that variation among mutant organisms is
greater than the variation in wild types'. These observations were
foundational in Waddington’s now-famous canalization metaphor,
where he visualized development as a ball rolling down a hill, with
canals maintaining the developmental trajectory. Waddington’s canals
described the buffering of development against environmental or
genetic perturbations, or the tendency to arrive at a specific pheno-
type. As such, in canalized systems, developmental outcomes display
increased robustness to perturbation, resulting in reduced phenotype
variation>*. Conversely, a phenomenon known as decanalization, or
loss of robustness, in mutant genotypes results in more variable
mutant phenotypes compared with wild types. Mutant decanalization
appears to be a broadly generalizable biological phenomenon'. How-
ever, whether the amount of mutant variation correlates with the
severity of the mutant phenotype has not yet been explicitly addres-
sed. Severity can be best understood by both phenotype penetrance
and expressivity. In this study, we define penetrance as the frequency

of a phenotype that is associated with a genotype’®, and expressivity as
the magnitude of difference from the wild-type phenotype. Moreover,
we find here that expressivity and penetrance are strongly correlated.
We primarily use expressivity as a continuous measure of severity to
understand the relationship between severity and variation. It seems
reasonable to predict a linear relationship where more severe mutants
produce more variation while less severe mutants produce less varia-
tion, but this has not yet been formally examined. Here, we seek to
answer the question: Are severity and variation positively correlated?

Mechanisms underlying phenotypic variation have been explored
with numerous systems. Stochastic transcriptional noise, variable
paralogous compensation, and molecular chaperones are all estab-
lished factors contributing to developmental robustness, or loss of
robustness in mutants®’. Surprisingly, the precise relationship
between mutant severity and variation has not yet been delineated for
any of these mechanisms. How variation correlates with gene dosage
was partially explored via quantitative phenotyping of an Fgf8 allelic
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series in mice. This study showed that a partial decrease in Fgf8 dose
produced low craniofacial variation, while lowering Fgf8 dosage below
a threshold produced higher craniofacial phenotype variation, illus-
trating a nonlinear relationship between gene dosage and phenotype.
However, these authors did not test if phenotype variation is positively
correlated with phenotype severity, which we do here. Moreover, the
genotypes with the lowest Fgf8 dosage could not be included in this
study due to early lethality. Thus, this Fgf8 allelic series motivates
careful examination of the relationship between phenotype severity
and variation, which remains incompletely understood.

The observation that phenotypes are more variable in mutant
conditions has been described in both model organisms and human
genetic disorders* ™. Variable and incompletely penetrant craniofacial
phenotypes are observed in patients with MEF2C haploinsufficiency
syndrome, a disorder caused by different de novo mutations in the
MEF2C transcription factor encoding gene ™. One barrier to studying
mutant phenotype variation in these humans is that the same allele
cannot be studied across many individuals. When this disorder is
modeled in zebrafish by mutating the MEF2C ortholog, mef2ca, varia-
tions in phenotype severity and penetrance are also observed, pro-
viding a model to study variation within a given mutant allele>'**, A
strength of this zebrafish system is the ability to generate numerous
different mutant alleles that produce a different average phenotype
severity. Moreover, large numbers of mutants can be easily obtained,
powering rigorous study of both among- and within-individual
variation®. Among-individual variation is measured by calculating the
variance of a trait within a population. Within-individual variation can
be measured by calculating asymmetry, or deviations from anticipated
bilateral symmetry. There are different types of asymmetries in
developmental systems”. Fluctuating asymmetry is the random, nor-
mally distributed variation of the difference between left and right?.
Another type is directional asymmetry, where the same side is con-
sistently larger than the other”. Fluctuating asymmetry is often used as
a readout of developmental stability, or the tendency of traits to resist
the effects of developmental noise given an organism’s genotype and
particular environment?*. However, estimating developmental stability
using fluctuating asymmetry requires, at a minimum, the removal of
directional asymmetry*>***2% and systems with significant directional
asymmetry are better excluded altogether from studies wishing to
examine fluctuating asymmetry”®. Both directional and fluctuating
asymmetry have been previously observed in our system®'**, Thus, we
do not address developmental stability in this study. Rather, we use
both absolute differences between left and right, which we call abso-
lute asymmetry, and directional asymmetry as measures of within-
individual variation. Nevertheless, the zebrafish mef2ca mutant model
provides a highly refined system in which to study the relationship
between severity and both among- and within-individual variation.

Unique to this study, we achieve great granularity in phenotype
severity levels across biological systems in order to uncover a gen-
eralizable relationship between severity and variation. We hypothe-
sized that as severity increased, variation would increase. First, we
studied homozygous and heterozygous conditions of three mef2ca
mutant alleles to study differences in penetrance and expressivity. We
introduce a new allele, which is a full deletion of the mef2ca locus.
Interestingly, we observe that despite being null for mef2ca, this allele
does not represent the most severe condition. We previously
demonstrated that other mef2 paralogs are partially redundant with
mef2ca in zebrafish craniofacial development’. Thus, this deletion
allele does not represent full loss of mef2 function. To modulate
severity, we combined each of the mef2ca alleles with a decanalizing
transgene that, as we previously demonstrated for a different locus,
increases phenotype penetrance®. Combining these genomic features
allowed us to generate 18 genotypes, for which we could evaluate
penetrance. We next measured a single linear craniofacial element in
all genotypes to quantify severity, among-individual variation, and

within-individual variation. By plotting variance against severity, we
were able to demonstrate that there is an unexpected quadratic rela-
tionship between variation and severity. We also demonstrated that
other zebrafish phenotypes exhibit a collapse in variation in high-
severity conditions. Further, we found that this relationship is gen-
eralizable to a human disease phenotype, age of Huntington’s disease
onset. Our findings further our understanding of canalization,
demonstrating how wild-type canalized systems become decanalized
in mid-severity mutants, then an invariant phenotype becomes fixed in
the most severe mutant conditions, which we call neocanalization.

Results

A mef2ca allelic series reveals differences in severity and
variation

We examined three different, individually identified and generated
mef2ca mutant alleles (Fig. 1a). The mef2ca®*® and mef2ca®® alleles
were identified in ENU mutagenesis screens and have been examined
in multiple studies™'®2°?°, These alleles contain point mutations caus-
ing an early stop codon and a mutation in the start codon, respectively
(Fig. 1a). We also generated a new allele, mef2ca°%, containing a large
deletion encompassing the entire coding region.

Homozygous mutants for all of these lesions show incomplete
penetrance and variable expressivity of craniofacial skeletal pheno-
types observed by staining bone and cartilage (Fig. 1b). Mutant-
associated phenotypes never appear in wild-type siblings. Penetrance
of these phenotypes is lower in the mef2ca®® allele compared to both
the mef2ca®°% and the mef2ca®* alleles (Supplementary Table 1). A
specific phenotype associated with mef2ca mutation, a shortened
symplectic region of the hyosymplectic cartilage (referred to as sym-
plectic cartilage), allows for precise quantitative characterization of
expressivity in different mutant alleles and conditions’® (Fig. 1c). We
found that the length of this cartilage is strongly correlated with
overall penetrance of mutant phenotypes (Supplementary Fig. 1).
Thus, symplectic cartilage length is an appropriate proxy for mutant
phenotype severity. Using this metric, a larger magnitude of difference
from the wild type indicates a more severe condition; the more severe
individuals produce a shorter symplectic cartilage. The length of this
cartilage provides a continuous variable that can be easily measured in
many individuals. We found that the total symplectic cartilage length
(left symplectic plus right symplectic length) was significantly shorter,
more severe, in all mutant alleles compared with wild types (Fig. 1d).
Additionally, the mef2ca“®’* and mef2ca®®% alleles had symplectic
cartilages that were significantly shorter than the mef2ca® allele. We
can also use the spread of these symplectic cartilage lengths to look at
among-individual variation. We observed that, in line with Wadding-
ton’s observations, there is increased among-individual variation in all
mutants compared with wild types (Supplementary Table 2). We fur-
ther used absolute asymmetry (absolute difference between left and
right symplectic cartilage length) to measure within-individual varia-
tion, revealing that all mutants exhibited significantly more asymmetry
than wild types, but that none of the mutant alleles were significantly
different from each other (Fig. 1e).

The fli1:Gal4 transgene increases phenotype severity in every
mef2ca allele

Gal4 transgenes have been used extensively in zebrafish, though stu-
dies acknowledge that this transgene may adversely affect
development®. In this study, we use a flil:Gal4 transgene to modulate
severity. Our previous work using this transgene, which drives
expression of Gal4 in the cranial neural crest, demonstrated that cra-
niofacial phenotypes in frasl zebrafish mutants had higher penetrance
in the presence of this transgene®. We posited that the more severe
phenotypes were due to decanalization by the transgene, so we sought
to determine if this effect on penetrance would persist in other zeb-
rafish mutants like mef2ca. Consistent with our previous study, when
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the flil:Gal4 transgene is present in an otherwise wild-type animal,
craniofacial phenotypes are overtly indistinguishable from those of
flil:Gal4 negative siblings (Fig. 2a). In the absence of the transgene,
animals heterozygous for mef2ca are also indistinguishable from wild
types. Examining both the quantitative and continuous symplectic
cartilage length phenotype expressivity and overall phenotype pene-
trance, we further found that the flil.Gal4 transgene made severity
significantly worse in homozygous mutants compared to homozygous
mef2ca mutant non-transgenic siblings (Fig. 2b, Supplementary Fig,. 2).
Additionally, symplectic cartilage length was significantly shorter
across all mef2ca-like genotypes in the presence of the transgene
(Fig. 2b). All homozygous mutant symplectic cartilages were sig-
nificantly shorter than wild types and heterozygotes (Supplementary

Table 3). Further, in the presence of the flil.Gal4 transgene, mef2ca®°%
and mef2ca“®*® heterozygotes were significantly more severe than
wild types and had incompletely penetrant mef2ca mutant-associated
phenotypes (Fig. 2b, Supplementary Fig. 2).

Examining absolute asymmetry for each allele, we find that
transgenic mef2ca®®®* and mef2ca®®® heterozygotes exhibit
increased within-individual variation compared to non-transgenic wild
types (Fig. 2c). Without the flil:Gal4 transgene, within-individual var-
iation is increased in all homozygous mutants compared with wild
types. However, within-individual variation in the most severe condi-
tions, mef2ca homozygous mutants in the presence of the transgene,
collapsed down to wild-type levels, except for in the mildest allele,
mef2ca®®!. Thus, we demonstrated that the flil:Gal4 transgene
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Fig. 1| A mef2ca allelic series demonstrates a range of severity and variation.
a Schematic of mef2ca genomic structure. All mef2ca mutant alleles and regions
encoding known functional domains are annotated. b Heterozygotes for each
mef2ca allele were pairwise intercrossed, and six days post-fertilization (dpf) larvae
were stained with Alcian Blue and Alizarin Red to label cartilage and bone,
respectively. The individuals were then genotyped, and the viscerocranium was
dissected, flat-mounted, and imaged. Two full-sibling individuals are shown for
each genotype to illustrate among-individual variation. Within-individual variation
can be observed by comparing the left and right sides of a given skeleton. The
following craniofacial skeletal elements are indicated in a wild-type individual:
opercle bone (op), branchiostegal ray (br), Meckel’s (Mc), ceratohyal (ch), sym-
plectic (sy) cartilages, interhyal (ih) and jaw (jj) joints. The symplectic cartilage is
outlined with a white dashed line in all individuals. Indicated phenotypes associated
with mef2ca mutants include: ectopic bone (arrowheads), interhyal and jaw-joint
fusions (*), dysmorphic ch (arrows), reduced Mc (double arrowhead), and a shor-
tened sy (red arrows). Scale bar is 100 pm. ¢ Schematic depicting how symplectic

cartilage length was measured from 6 dpf larvae. d Symplectic cartilage length was
measured from 6 dpf larvae homozygous for the indicated mef2ca allele, and the
left symplectic length was added to the right symplectic length to get a total length
for each animal. The p-values from a two-sided Dunnett T3 test are indicated
(***<0.0001). e Symplectic cartilage length on the left and right sides of 6 dpf
zebrafish was measured to determine asymmetry or the absolute difference
between left and right for fish homozygous for the indicated alleles. The p-values
from a two-sided Dunnett T3 test are indicated (***<0.001, wild type vs. b631
p=0.0002, wild type vs. co3008 p = 0.0003, wild type vs. b1086 p = 0.0008). There
is no significant difference in asymmetry between any of the mutant alleles. In box
and whisker plots, the box covers the 25th to 75th quartiles, the line is at the
median, and whiskers extend to the minimum and maximum values. The following
n numbers represent biological replicates (individual animals) for (d) and (e): wild
type 23, b631 28, co3008 30, b1086 34. Source data are provided as a Source
Data file.

increases severity across our allelic series, providing a deep dataset to
calculate the relationship between severity and variation.

A quadratic function describes the relationship between sever-
ity and variation

We then used symplectic cartilage measurements from all conditions
to directly test the hypothesis that variation is positively correlated
with severity. The different symplectic cartilage lengths measured for
each genotype allowed us to evaluate among-individual variation and
severity for each condition. We used variance to quantify variation
because this statistic captures how much the values are distributed
around the mean®. Further, variance is appropriate for this single
dataset with a similar magnitude of measurement for all conditions.
Each genotype was represented by a single point, where average
symplectic cartilage length was plotted on the x-axis (severity), and
variance of symplectic length was plotted on the y-axis. This allowed us
to plot variation by severity for all genotypes and observe an overall
relationship. We then used a cubic smoothing spline in an exploratory
analysis to identify the relationship that best fit these data (Supple-
mentary Fig. 3a), finding that the spline resembled a quadratic rela-
tionship. Smoothing splines are nonparametric functions that can be
used to illustrate the relationship between two variables when a non-
linear trend is observed in a scatterplot. We then fit a linear model with
a quadratic trend specifying length plus length squared as the linear
predictor and variation as the outcome (Fig. 3a, Supplementary
Table 4) to mimic the trend we saw in the smoothing spline using a
parametric model. This model had an adjusted R-squared of 0.52.
Compared to a linear model with a linear relationship fit between
length and variance with an R-squared of 0.07, the quadratic model
was a much better fit. As predicted, severity and variation were posi-
tively correlated, but only to a point. Unexpectedly, variation collapses
in the more severe conditions.

We were interested in identifying whether this relationship
holds true for within-individual variation, or absolute asymmetry, for
the symplectic cartilage phenotype. Using the same mathematical
approach, but plotting mean absolute value of left-right asymmetry
on the y-axis against mean symplectic length on x-axis, we again
found that the spline resembled a quadratic relationship (Supple-
mentary Fig. 3b). We then fit a linear model with mean length plus
mean length squared regressed on variance, yielding an R-squared of
0.75 (Fig. 3b). A linear fit between variance and mean length yielded
an R-squared of 0.23. Hence, a quadratic model was again a better fit
for the relationship between symplectic cartilage length and varia-
tion. Finally, we found that directional asymmetry also followed a
similar trend (Supplementary Fig. 4). Our discovery that both among-
and within-individual variation fit the quadratic model suggests that
this paradigm might be more generalizable to other phenotypes
within this system.

Variation in dermal bone phenotypes expands and collapses in
mid- and high-severity mutants, respectively

Next, we explored whether the collapse in variation in high-severity
conditions that we observed with the symplectic cartilage was also
present in other parts of the craniofacial complex within the same
biological system. We imaged opercle bone and branchiostegal ray
complexes from larvae fluorescently stained with Alizarin Red from
wild-type, mid-severity and high-severity conditions (Fig. 4a). In this
experiment, we used wild-type, unselected, and selectively bred'****
mef2ca®* mutant strains for low, mid, and high-severity conditions,
respectively. Unlike the easily measured symplectic cartilage, more
complex imaging and analyses are required to study variation in these
structures. While opercle-branchiostegal ray complexes were similarly
shaped in wild types, there were many different shapes observed in the
mid-severity mutants, as previously reported for mef2ca mutants'®*.
Strikingly, when we examined these bones in high-severity conditions,
all bones were again similarly shaped (Fig. 4a). Specifically, in the severe
strain, all the opercle branchiostegal ray complexes were fully fused. To
quantify this variation, we measured the bone area in these genotypes
finding that area variance was significantly higher in the mid-severity
mutants compared with both wild types and high severity when each
complex, left and right sides, was treated independently (Fig. 4b). When
left and right sides were summed, mid-severity mutants displayed
higher variation than wild types. We found there was no difference in
variation between mid- and high-severity mutants, likely due to the
smaller sample size. There were no significant differences in absolute
asymmetry between genotypes; however, a trend towards higher
asymmetry in the mid-severity condition was observed. Previous work
demonstrates that the changes in the opercle-branchiostegal ray bones
associated with mef2ca mutation are due to changes in shape'®. Thus,
area does not fully represent the complexity of the shapes that these
bones take in our wild-type and mutant conditions.

Since the varying morphologies of this bone complex across con-
ditions make geometric morphometric analyses impossible”, we used
unbiased image-based profiling®** to quantify the shape variation that is
readily observed by eye. This automated image analysis pipeline mea-
sured hundreds of different image features from this dataset. For each
individual feature, we calculated the variance within each condition
(Supplementary Table 5). Each image feature belongs to one of six classes
—area shape, granularity, radial distribution, intensity, neighbors, and
texture. To examine variance for each of the feature classes, we gener-
ated box and whisker plots. In these plots, variances for each individual
feature belonging to a given class were plotted. For each feature class, we
used a Welch ANOVA and Dunnett T3 test to evaluate significant differ-
ences between mean variances for each condition: low, mid, and high
severity. These analyses demonstrate that, overall, area shape feature
variances fit the low-high-low variance trend in low-mid-high-severity
conditions, respectively, as predicted by the quadratic relationship
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model. Importantly, the other non-area shape feature classes did not fit
this trend (Supplementary Fig. 5). We further scored how many individual
features within a feature class fit the expected low-high-low variance
trend and calculated the frequency of this trend within each class, not
considering statistical significance for each individual feature (Supple-
mentary Table 6). These analyses demonstrate that area shape features
more frequently fit the predicted trend (68% of individual area shape

features) compared with other classes (for example, 21% of individual
texture features). These unbiased computational approaches indicate
that shape variation is low in low-severity conditions, high in mid-severity
conditions, and low again in high-severity conditions. We then sought to
understand whether this relationship could be extended to other biolo-
gical systems with similarly tractable and measurable phenotypes
beyond the zebrafish craniofacial complex.
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Fig. 2 | A decanalizing transgene increases mef2ca mutant phenotype severity.
a Zebrafish double heterozygous for the mef2ca®®® allele and the flil:Gal4 transgene
were outcrossed to zebrafish heterozygous for the mef2ca®®* allele. Larvae were fixed
and stained with Alcian Blue and Alizarin Red at six dpf, genotyped, and the viscer-
ocranium was dissected and flat-mounted. The following structures are labeled in the
flil:Gal4 negative wild type: opercle bone (op), branchiostegal ray (br), symplectic (sy),
ceratohyal (ch), and Meckel’s (Mc) cartilages. The symplectic cartilage is outlined with
awhite dashed line in all individuals. Phenotypes associated with mef2ca mutations are
indicated as follows: ectopic opercle bone (arrowhead), shortened symplectic (red
arrow), dysmorphic ceratohyal (arrow), reduced Meckel’s cartilage (double arrow-
head), interhyal and jaw-joint fusions (*). Scale bar is 100 um. b Total symplectic
cartilage length was measured in six dpf larvae for all mef2ca mutant alleles, then
plotted by mef2ca genotype and presence or absence of the flil:Gal4 transgene.
Asterisks indicate significant differences in symplectic cartilage length between gen-
otypes. The p-values from a two-sided Dunnett T3 test are indicated (*<0.05, **<0.01,

**<0.001, ***<0.0001). Some significance indications are omitted for clarity, for
example, all homozygous mutants were significantly different from all wild types and
all heterozygotes (p-value < 0.0001). For all p-values comparing all conditions, see
Supplementary Table 3. ¢ Symplectic cartilage length on the left and right sides of 6
dpf zebrafish was measured to determine asymmetry or the absolute difference
between left and right. The left-right asymmetry is plotted by mef2ca genotype and
presence or absence of the flil:Gal4 transgene. The p-values from a two-sided Dunnett
T3 test are indicated (*<0.05, *<0.01, **<0.001, ***<0.0001, exact p-values are pre-
sented in Supplementary Table 3). In box and whisker plots, the box covers the 25th to
75th quartiles, the line is at the median, and whiskers extend to the minimum and
maximum values. The following n numbers represent biological replicates (individual
animals) for (b) and (c): b1086; +/+Tg- 15, +/-Tg- 34, -/-Tg- 34, +/+Tg+ 28, +/-Tg+ 44,
-/-Tg+28. co3008; +/+Tg- 29, +/-Tg- 41, -/-Tg- 30, +/+Tg+ 25, +/-Tg+ 49, -/-Tg+ 32. b631;
+/+Tg- 25, +/-Tg-30, -/-Tg- 28, +/+Tg+ 31, +/-Tg+ 30, -/-Tg+ 24. Source data are provided
as a Source Data file.
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Fig. 3 | The relationship between phenotype severity and variation fits a
quadratic trend. a Each genotype was plotted as a single point determined by the
mean symplectic length and variance, representing among-individual variation, for
that genotype. Alleles are indicated by color, and genotypes are indicated by shape
for each point. The R-squared for the quadratic equation that represents the rela-
tionship between among-individual variation and severity is indicated. b Each
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individual variation, against mean symplectic length. The R-squared for the quad-
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and severity is indicated. The gray bands in (a) and (b) represent 95% confidence
intervals. Source data are provided as a Source Data file.

Huntington’s disease onset follows the quadratic trend

Finally, we looked to test this relationship in a human disease model,
specifically Huntington’s disease. There is a well-documented asso-
ciation between higher number of CAG repeats and earlier age of
symptom onset in patients with Huntington’s disease®*, which we
interpret as more severe disease. Huntington’s disease is well-suited to
test our phenotypic variation and severity hypothesis, as individuals

with different numbers of repeats generate an allelic series with many
individuals within each class or genotype. Further, age of onset is a
continuous variable with a range of severity (Fig. 5a). Similar to our
zebrafish data, we first used a smoothing spline to visualize the rela-
tionship between severity and variation (Supplementary Fig. 6). This
resembled a quadratic, which we found had an adjusted R-squared of
0.14 (Fig. 5b). Compared to a linear model with a linear relationship fit
between length and variance with an R-squared of 0.05, the quadratic
model was a much better fit. We observed that there were some
potential outliers in these data that might be driving this fit. To test
this, we omitted genotypes with variances greater than 600 and found
that this increased the R-squared for the quadratic fit to 0.33, indi-
cating that the quadratic fit was not driven by the outliers (Fig. 5¢).

Discussion

Our zebrafish system is well-suited to formally test the relationship
between phenotype severity and variation. Unexpectedly, we found
that this relationship is best fit by a quadratic model. Employing a
range of techniques across systems validated this relationship, indi-
cating it may be a fundamental biological phenomenon. We demon-
strate that the same relationship holds true in craniofacial phenotypes
in zebrafish and Huntington’s disease phenotypes in humans. We
predict that more examples of this phenomenon will emerge from
other systems. However, a suitable system must include numerous
alleles, with numerous observations for each allele, and a continuous
phenotype, like symplectic cartilage length in mef2ca mutants. By
combining what we have learned from these models, we can develop a
new paradigm extending the relationship that Waddington first iden-
tified. By looking beyond a dichotomous comparison between
mutants and wild types, we empirically demonstrated that as pheno-
typic severity moves away from the wild type, variation first increases,
but then decreases in the maximally affected conditions.

Previous work has differentiated between canalization and
developmental stability as arising from different biological
mechanisms®. Specifically, canalization minimizes the impact of
environmental and genetic variation, whereas developmental stability
occurs in the same genotype in the same organism and is thought to
buffer stochastic variation®*. We are not able to measure develop-
mental instability, as determined by fluctuating asymmetry, due to the
prevalent directional asymmetry in our system. However, we use
asymmetries in general to observe that within-individual variation
follows the same quadratic trend as among-individual variation. Thus,
we propose that asymmetries, independent of directional versus
fluctuating, can be used as a measurement of canalization. Traits can
be canalized to left-right invariance, left-right asymmetry can arise
during decanalization, and traits are again canalized to left-right
invariance in severe conditions, as we observed in our system. This
finding suggests that the quadratic relationship between severity and
variation holds true irrespective of the type of variation.
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Fig. 4 | The relationship between phenotype variation and severity can be
observed in opercle-branchiostegal ray (op-br) complexes. a Nine op-br com-
plexes are shown for each genotype. Three severity classes are shown—low severity
(wild types), mid severity (unselected homozygous mef2ca®*°’® mutants), and high
severity (selectively bred high-penetrance homozygous mef2ca“°° mutants'>2%*),
These animals were stained with Alizarin Red at 6dpf and imaged by whole-mount
confocal microscopy. b Variance of op-br complex area was calculated for each
severity class. Area variance was calculated among all op-br complexes imaged. A
two-sided F-test was used to test equality of variances, and p-values are indicated

(*<0.05 p=0.039, **<0.001 p = 0.0003). ¢ Within-individual variation was also
plotted by taking the absolute value of the difference in area between left and right
op-br complexes. d Variances were calculated for all area shape features and
plotted on a box and whisker plot. Average variance is higher in the mid-severity
strain than in the other two strains. The p-values from a Dunnett T3 test are indi-
cated (***<0.0001). For (c) and (d) box and whisker plots, the box covers the 25th
to 75th quartiles, the line is at the median, and whiskers extend to the minimum and
maximum values. Source data are provided as a Source Data file.

Separate from our central findings on the relationship between
phenotype severity and variation, we find support for the observation
that the flil.Gal4 transgene has destabilizing effects on zebrafish cranio-
facial mutants. The worsening of mutant phenotypes in the presence of
the flil:Gal4 transgene provides an interesting avenue for future investi-
gation into the mechanism of this transgene’s destabilizing effect. Spe-
cifically, we find that this transgene shifts phenotype severity; however,
the addition of the transgene does not just make all individuals maximally
affected. In our most mild mutant allele, mef2ca®®!, phenotypes are not
fully penetrant even in the presence of the transgene, suggesting that the
transgene “tunes the dial” of severity. Previous work in yeast systems
suggests that Gal4 transgenes may have a squelching effect”, and several
researchers have suggested a negative impact of Gal4 transgenes in
zebrafish systems® %%, However, no one has demonstrated a mechanism
for how Gal4 impacts robustness in zebrafish. Based on the lack of overt
phenotypes in wild types, zebrafish are likely robust to the impacts of this
transgene, but lose their robustness in mutant systems.

Our findings challenge Waddington’s canalization metaphor in
that we discover that severe mutants consistently arrive in the same,

new developmental canal. In each of our models, we find that the
invariant phenotypes observed in severe mutants are not the result of a
complete loss of a structure. For example, symplectic cartilage lengths
are not all zero, and the opercle bone does not fail to form completely.
Rather, a specific mutant phenotype becomes invariant. One could say
that these mutants have been “neocanalized” into a new robust and
repeatable developmental outcome. This formation of and fixation in a
new canal could be analogous to the instability then stabilization that
occurs in speciation events*’. Could this be a similar series of events to
what occurs when a new “wild-type” condition emerges in the founding
of a new species? Although our neocanalized systems could not
achieve fixation outside of a laboratory environment, we may be
recapitulating a larger evolutionary phenomenon.

Methods

Zebrafish strains and husbandry

Zebrafish were maintained in accordance with established
protocols**% All mef2ca alleles were maintained as heterozygotes by
outcrossing to an AB background, which lost the natural sex
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Fig. 5 | Huntington’s disease demonstrates a quadratic relationship between
severity and variation. a Huntington’s disease genotypes CAG repeat number) are
plotted against severity (age of onset). Significance bars are omitted for clarity;
higher numbers of CAG repeats are associated with more severe disease. In box and
whisker plot, the box covers the 25th to 75th quartiles, the line is at the median, and
whiskers extend to the minimum and maximum values. b Each genotype was
plotted by its age of onset as the x-coordinate and variance of age of onset as the y-
coordinate. This represents among-individual variation. The R-squared for this
relationship is indicated. ¢ Outliers were removed from the dataset plotted in (b),
and each genotype was plotted by its age of onset as the x-coordinate and variance
of age of onset as the y-coordinate. This represents among-individual variation. The
R-squared for this relationship is indicated. The gray bands in (b) and (c) represent
95% confidence intervals.

determinant®. We cannot determine the sex of any embryo or larva. All
experiments are performed on both male and female animals without
any knowledge of sex. The AB background we used is maintained as a
closed colony in the University of Colorado zebrafish facility. The flil-F-
hsp70I:Gal4VPI16 transgene was maintained by outcrossing to the AB

background, and these lines were maintained as heterozygotes to
control Gal4 dosage. Wild types containing the flil:Gal4 transgene
were outcrossed to heterozygotes for each mef2ca mutant allele.
These animals were fluorescently sorted to identify transgene pre-
sence and confirmed to be heterozygous for the mef2ca allele by
genotyping. All flil:Gal4 positive animals used in the described
experiments were heterozygous. All of our work with zebrafish has
been approved by the University of Colorado Institutional Animal Care
and Use Committee (IACUC), Protocol #00188. All materials are freely
available through the corresponding author.

CRISPR-Cas9 editing to produce mef2ca®°% allele

CRISPR-Cas9 mutagenesis was employed following previously published
protocols**. Briefly, sgRNAs were designed surrounding the coding
region of mef2ca. The guides used to generate these mutants were: 5-
GGCTCCAAACTCTATATGGG-3" and 5-TCTCCTTCCTCTGTCGTTCC-3.
Xbal-digested pT3TS-nCas9n plasmid (Addgene plasmid #46757) was
used as a template to transcribe Cas9 mRNA with the T3 mMESSAGE kit
(Invitrogen). sgRNAs were transcribed from PCR-generated templates
using the MEGAscript T7 Kit (Thermo Fisher Scientific). One-cell-stage
embryos were injected with a mix of 200 ng/ul Cas9 mRNA and 50 ng/ul
of each gene-specific sgRNA. Embryos were screened for the presence of
a 241bp PCR product that would only be produced in the case of a
deletion with the following primers: Fw: 5-ATTCTTAACCACGCCCCTTT-
3’ Rv: 5-TACAGTGAGCAGCGGAACGAGTG-3..

Staining bone and cartilage for visualization

Six days post-fertilization, larvae were fixed and stained with Alcian
Blue and Alizarin Red according to previously published protocols®*°.
The craniofacial skeletons of these larvae were dissected and imaged
with Nomarski imaging on a Leica DMi8 inverted microscope with a
Leica DMC2900.

Phenotype scoring and symplectic cartilage measurement
After staining, each larva was genotyped with lysis of a piece of tail
tissue, then scored for the presence or absence of six mef2ca
mutant-associated phenotypes in line with methods previously
published®. The penetrance score was calculated by scoring for the
presence or absence of 12 phenotypes and counting how many
phenotypes a given individual had. The phenotypes were: left side
ectopic bone, right side ectopic bone, left jaw joint fused, right jaw
joint fused, left symplectic shortened, right symplectic shortened,
small Mc, obliterated Ch, small/reversed Ch, left hm joint fused,
right hm joint fused, and ectopic cartilage. Symplectic cartilages
were measured under a transmitted light dissecting scope, and
images were taken with Zeiss ZEN software. A linear measurement
was taken from the interhyal joint to the tip of the symplectic car-
tilage. This measurement was performed on the left and right sides,
then the left and right sides were summed to get a total symplectic
length for each animal. We calculated the absolute asymmetry, a
combination of fluctuating and directional asymmetry, by deter-
mining the absolute value of the left minus the right side, or within-
individual variation for each animal agnostic to side. We measured
directional asymmetry by finding the mean difference between left
and right sides for each genotype. To account for clutch-to-clutch
differences in severity, at least three clutches per allele were scored
and measured.

Genotyping assays

The mef2ca®™®* allele was genotyped using a KASP assay that has been
previously described®. The mef2ca®®® allele was genotyped using two
PCR reactions per sample. One reaction detected the wild-type allele
using the following primers: WT F: 5-ATTCTTAACCACGCCCCTTT-3" and
WT R: 5-TTCGTCCAAAATCATTTGACC-3". This reaction yields a 378-base
pair product. The other reaction detects the mutant allele with the
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following primers: M F: TGGTTCATTCCGCACTTCAG and M R:
AGGAAAGACTGCGCTGAGG. This reaction yields a 244 base pair pro-
duct. Each reaction is run separately on a gel to determine the genotype
of each larva. The mef2ca® allele is genotyped as previous'® by RFLP
(Restriction Fragment Length Polymorphism). The sequence of interest is
amplified using the following primers: HOO_03: 5-GGAAGGAGAAGGA-
GACGAGTGT-3 and HOO_02: 5-AATTACAAGTGCTTGATGTTTGGA-3.
This PCR yields a 361 base pair product, and to differentiate the presence
of the mutation, the PCR product is digested with the BstNI restriction
enzyme, yielding fragments of 290 and 71 base pairs in the mutant pro-
duct and leaving the wild-type uncleaved.

Statistical analysis

A Fisher’s exact test was used to calculate whether differences in
phenotype penetrance were statistically significant. Statistical differ-
ences between total symplectic cartilage length, asymmetry, and
average feature variances were calculated using Brown-Forsythe and
Welch one-tailed ANOVA tests. Multiple comparisons were calculated
and corrected for using a Dunnett T3 test. Cubic smoothing splines
were used to estimate nonlinear trends in the relationships between
symplectic length and variance, mean symplectic length and variance
within a fish (left-right asymmetry), and age of onset of Huntington’s
disease by genotype severity. These were nonparametric exploratory
plots. To estimate the trends seen in the spline plots using parametric
methods, linear models with polynomials were used. Specifically, a
quadratic trend was an appropriate fit for modeling symplectic length
vs. variance. For each comparison, a linear model was used to estimate
the quadratic relationship (1),

Y~ Bo+Brl+B  +e

Where [ represents symplectic length or mean symplectic, y represents
variance of symplectic length, 8 represents regression coefficients, and
€ represents random error. Total symplectic measurements represent
distinct samples. For asymmetry, the left and right sides of the same
animal were measured. For opercle measurements, the left and right
sides were treated independently. For Huntington’s analyses, there
were 62 unique CAG values, but only 44 of these values had at least two
observations to estimate standard deviation. Removing outliers with
greater than 600 standard deviation resulted in 42 values in the final
analyses.

Fluorescence imaging

Six days post-fertilization larvae were fixed and stained with Alcian
Blue and Alizarin Red according to previously published protocols®*°.
Larvae were mounted in 0.4% low-melt agarose for imaging. Fluor-
escent images of the Alizarin stain were captured on a Leica DMi8
microscope with an Andor Dragonfly 301 spinning disk confocal sys-
tem, keeping all settings consistent across all samples.

Calculating area of opercle-branchiostegal ray complexes

The FIJI freehand selection tool was used to outline all bones in the
opercle-branchiostegal ray (op-br) complexes and measure the area in
pixels of each bone. Area was measured separately for the left and right
side for each animal. Opercle and branchiostegal ray areas were sum-
med if there were two separate bones.

Image-based profiling of opercle-branchiostegal ray complexes
Each z-stack of images was maximally projected into a 2D image.
Images were then manually cropped to regions of interest containing
the opercle and branchiostegal ray. From the cropped images, objects
were segmented using Meta’s segment anything model (SAM)*’. After
segmentation of opercle and branchiostegal ray bones, morphology
features were extracted using CellProfiler*s. The extracted image-
based morphology features were cleaned, normalized, and feature

selected using Cyto and pycytominer®’. 269 of the 288 total extracted
features were feature selected using variance thresholding. Variance
thresholding removed features that have more than 5% of missing
values across samples and/or features that have a ratio of 0.1 unique
measurements compared to the number of samples. Variances of each
feature were calculated and visualized on box and whisker plots.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All image analyses and image-based profiling can be found at: https://
github.com/WayScience/Phenotypic_severity_and_variance. The CAG
repeat data presented in the manuscript are based on the use of
restricted study data, which can be requested from the dbGaP website
under pht002988.vl.pl.c2. Excel file included in the manu-
script. Source data are provided with this paper, including exact values
and statistical analyses.

Code availability
All code is included in: https://github.com/WayScience/Phenotypic_
severity and_variance or https://zenodo.org/records/16747636*° or
available upon request.
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