Canalization of Phenotypes—When the Transcriptome
is Constantly but Weakly Perturbed
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Abstract

Recent studies have increasingly pointed to microRNAs (miRNAs) as the agent of gene regulatory network (GRN)
stabilization as well as developmental canalization against constant but small environmental perturbations. To ana-
lyze mild perturbations, we construct a Dicer-1 knockdown line (dcr-1 KD) in Drosophila that modestly reduces all
miRNAs by, on average, ~20%. The defining characteristic of stabilizers is that, when their capacity is compromised,
GRNs do not change their short-term behaviors. Indeed, even with such broad reductions across all miRNAs, the
changes in the transcriptome are very modest during development in stable environment. By comparison, broad
knockdowns of other regulatory genes (esp. transcription factors) by the same method should lead to drastic changes
in the GRNs. The consequence of destabilization may thus be in long-term development as postulated by the theory
of canalization. Flies with modest miRNA reductions may gradually deviate from the developmental norm, resulting
in late-stage failures such as shortened longevity. In the optimal culture condition, the survival to adulthood is in-
deed normal in the dcr-1 KD line but, importantly, adult longevity is reduced by ~90%. When flies are stressed by
high temperature, dcr-1 KD induces lethality earlier in late pupation and, as the perturbations are shifted earlier, the
affected stages are shifted correspondingly. Hence, in late stages of development with deviations piling up, GRN
would be increasingly in need of stabilization. In conclusion, miRNAs appear to be a solution to weak but constant
environmental perturbations.
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frequently adopted in the literature (Levy and Siegal
2008; Kasper et al. 2017; Hintze et al. 2021), and reviews
(Rendel 1967; Félix and Barkoulas 2015; Takahashi 2019).
A second approach, taken in this study, is to follow the de-
velopment to the final stages (i.e, maturation to adult-
hood and death) as Waddington envisaged (Wagner
2005). Decanalization will be observed as increasingly aber-
rant phenotypes as development progresses.

Molecular biology and mathematical theories of devel-
opmental canalization have been proposed (Wagner 2005;
Siegal and Leu 2014; Saiz et al. 2020). Although the concept

Introduction

Living organisms face internal and external fluctuations
constantly. These fluctuations would broadly perturb
many phenotypes. Hence, the maintenance of stable
phenotypic output and normal development under such
perturbations is an important topic as emphasized by
Waddington (1942, 1959). He coined the term “develop-
mental canalization” for the development along a defined
path. A standard depiction is a ball traveling along a canal
in a landscape of many canals, each for a tissue of a particu-
lar species (Waddington 1957; Scharloo 1991).

There are two approaches to observing developmental
canalization. The first one is to measure the variance of
phenotypic values at a particular stage of development.
Such measurements of phenotypic robustness have been

of canalization is developed to account for the phenotypic
stability, the effect can be more easily studied at the level
of the gene regulatory network (GRN; Chen et al. 2019;
Guo and Amir 2021). After all, phenotypic changes are
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downstream of GRN variations. At the molecular level, sev-
eral genes (Hallgrimsson et al. 2019), including Hsp 90
(Rutherford and Lindquist 1998), have been proposed to
have the canalizing capacity.

Most notable, a general class of genes that may play a
crucial role in canalization has been proposed to be the
microRNAs (miRNAs; Wu et al. 2009; Posadas and
Carthew 2014). According to the annotations in miRBase
(Kozomara et al. 2019), each metazoan species often has
hundreds of miRNAs and many of them are expressed in
most cells (Ludwig et al. 2016; Zhao et al. 2018;
Rahmanian et al. 2019). Each miRNA of ~21 nt in size
could weakly but broadly repress hundreds of target genes
post transcription (Bartel 2018). The diffuse (i.e., weak but
broad) and uni-directional (downward) regulation is the
unique feature of miRNAs (Farh et al. 2005). This mode
of regulation has led to the demonstration of incoherent
regulation (Liufu et al. 2017) and the mathematical formu-
lation of GRN canalization by miRNAs (Zhao et al. 2017;
Chen et al. 2019).

In testing the hypothesis of miRNA canalization,
miRNAs collectively are regarded as a single regulatory
unit. We then reduce the entire miRNA pool modestly
and evenly by creating a dcr-1 KD line (for Dicer knock-
down). In this dcr-1 KD background, several expectations
can be formulated. First, at the molecular level, dcr-1 KD
should have only marginal effects on transcriptome under
normal condition, this being the main characteristic of
GRN stabilizers. The consequences of dcr-1 KD would be
detectable only under stresses or in long-term develop-
ment. Second, fly development would deviate gradually
from the set course as the development progresses.
Third, the deviation would be hastened by environmental
stresses including temperature aberrations. Our study will
test if these expectations are fulfilled.

Results

This section is organized around the central hypothesis
that 1) miRNAs collectively stabilize the GRN in the face
of constant (but often modest) perturbations; and 2) the
stabilizing effect ensures the proper execution of develop-
ment from embryogenesis to adulthood. Stabilizers are dis-
tinct from other regulatory mechanisms in a unique way:
The removal of GRN stabilizers would not by itself perturb
the GRN. Hence, in the absence of strong external pertur-
bations, removing the stabilizers would not have much im-
mediate consequence. However, over a long period,
especially in later stages of development with the cumula-
tive small perturbations, the development may gradually
come to a halt.

To test the main hypothesis, instead of removing specif-
ic miRNAs completely, we reduce all miRNAs modestly (by
15-25%) in Part I. In doing so, we reduce the stabilizing
capacity while minimizing the perturbations. In Part II,
we test the first aspect of the hypothesis that the reduc-
tion in miRNAs would not perturb the transcriptome
strongly in the absence of external perturbations. In Part
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I, we compare the effect of miRNA reductions on the
GRN with the similar treatments of transcription factors
(TFs), another major class of expression regulators. As
miRNAs are stabilizers, the reduction in their capacity
should not directly affect the transcriptome in the absence
of perturbation. (The analogy is that lifting the hands off
the steering wheel on a straight road would still keep
the vehicle on course, at least for a while.) In contrast,
TFs should have direct impacts on the transcriptome;
hence, TFs are true expression regulators and miRNAs
are not. A detailed exploration of the mathematics of
miRNAs versus TFs has been presented in Chen et al.
(2019) in an extension of the May—-Wigner theory.

Part IV tests the second aspect of the central hypothesis.
As the organism develops, the development may gradually
come to a halt with the accumulations of perturbations
that are not corrected. The development fails even though
short-term measurements of gene expression in earlier
stages seem normal.

Part [—Reduction of Total miRNAs by dcr-1 KD

In Part I, we reduced the amount of all miRNAs by knock-
ing down the Dicer-1 gene (dcr-1 KD). Although knocking
down the entire biosynthesis is not commonly done for its
potential severity, it can be effective under some circum-
stances (e.g, Wen et al. 2021). Note that knockdown is a
far milder treatment than knockout. As a result, miRNAs
would be reduced moderately and the expressions of their
target genes should only be marginally affected. After all,
even miRNA knockout would result in the changes in
the expression by ~10%, when averaged over all inferred
targets. (For the various definitions of miRNA targets,
please refer to Zhao et al. 2017, 2019, and Seitz 2019;
and debates in Molecular Biology and Evolution.) We
used a weakly and broadly expressed Gal4 construct
(Hrdlicka et al. 2002) to drive the interfering RNA that
knocks down dcr-1 (Ni et al. 2011). In reverse transcription-
quantitative polymerase chain reaction (RT-qPCR), the ob-
served dcr-1 expression decreases modestly by 25-30%
(Student’s t-test, P < 0.05; fig. 1A).

As a consequence of the Dicer-1 knockdown, most
miRNAs are slightly down-regulated, usually in the
range of 15-25% (fig. 1B and supplementary fig. S1,
Supplementary Material online). Figure 1C presents the ex-
pression differences of individual miRNAs in the dcr-1 KD
background. These selected miRNAs range from being
highly to lowly expressed and the level of reduction ap-
pears even across the board. These results show that the
measurements of miRNA abundance correlate well with
the dicer expression between sexes and between tempera-
ture treatments. Furthermore, our previous publication
(Ma et al. 2020) has confirmed the global impact of
Dicer inhibition on miRNAs in this background
(T98-Gal4/+; UAS-Dicer-1""%"¥1/1) by high-throughput
small RNA-seq. When using the reads of piRNA for data
normalization, the expression of miRNAs showed signifi-
cantly and broadly down-regulation in the dcr-1 KD
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Fic. 1. dcr-1 KD leads weak but broadly reduction in miRNA pool. (A) Impact of RNAi on dcr-1 expression. Bar plots show the mean with SD for
the relative expression of dcr-1 in female and male L3 with different genotypes at two temperatures. For both sex and temperature, dcr-1 ex-
pression significantly decreases 25-30% in dcr-1 KD larvae. (Two-tail Student’s t-test, *P < 0.05, **P < 0.01.) (B and C) Impact of dcr-1 RNAi on
miRNA expression. (B) Summary of relative fold change of 19 selected miRNAs, accounting for over 50% of the total sequencing reads in the L3
(for more details, see supplementary fig. S1, Supplementary Material online). These miRNAs are down-regulated modestly but broadly at both 25
and 30 °C, one sample t-tests are performed to test whether the up-regulation is significantly deviates from 1, **P < 0.01, **P < 0.001. (C) Heat
map shows relative expression of selected miRNAs in female and male L3 with different genotypes at two temperatures. Relative expression
levels of miRNAs in wildtype flies are set to 1. (D and E) Impact of dcr-1 RNAi on miRNA targets in female (D) and male (E) transcriptomes.
Conserved miRNA targets (TargetScan PTC>0.8) do not show significant change compared with non-targets (P> 0.05, Kolmogorov—
Smirnov test). QRT-PCR is performed in triplicate for genes and miRNAs, rp49 and U6 are used as inner reference controls for genes and
miRNAs, respectively. Genotype: Wildtype (T98-Gal4/+; UAS-GFP/+); dcr-1 KD (T98-Gal4/+; UAS-Dicer-1 HMS00™47 /1),

background (Ma et al. 2020, supplementary fig. S3,
Supplementary Material online). Because the complete
knockout of each miRNA would generally increase the tar-
get gene expression by <50%, the partial knockdown is ex-
pected to have rather mild effects on these expression
levels of figure 1D and E corroborate the expectation.
For the impact of miRNA KD on target gene expression,
we do not expect significant differences between the
dicer-KD line and the wildtype. To begin with, given only
20% reduction in each miRNA, the effects on the direct
targets, conserved or unconserved, are quite small.
Importantly, when all miRNAs are weakly knocked down,
all genes are indirect targets of some miRNAs as the actual
targeting miRNAs are in the minority. As a result, there are
numerous compensatory repressions and derepressions,
often leading back to the original expression levels.
Figure 1 panels collectively show that dcr-1 KD exerts
weak but broad perturbations on the transcriptome.

Part Il—Changes in the GRN of dcr-1 KD Lines

The selection of tissues and developmental stages for the
analysis of GRNs in the dcr-1 KD lines is based on a hypoth-
esis. We posit that, in the developmental stages when the

phenotype is still normal but is at the cusp of imminent
changes, the underlying transcriptome should have al-
ready shown some deviations from the norm. We hence
examine the transcriptome right before phenotypic abnor-
malities become observable, that is, the late third instar lar-
vae (L3).

The analysis of figure 2A (orange squares) shows that
the transcriptome in dcr-1 KD appears normal in different
temperatures and in both sexes. This observation corrobo-
rates the expected behaviors of the GRN stabilizers which
do not exert their effects in the absence of perturbation. In
figure 2A, the correlation coefficients are organized in
three tiers—wildtype versus dcr-1 KD (orange), 25 versus
30 °C (green) and male versus females (blue). In the com-
parisons, we observed sex to have the largest impact (co-
efficient ranging from 0.841 to 0.879), whereas the
temperature effect is relatively modest (coefficient ranging
from 0.976 to 0.984 and 0.938 to 0.978 for male and female,
respectively). Most interesting, dcr-1 KD has very little ef-
fect (between 0.975 and 0.988) on the transcription pat-
terns. Further statistical analysis by a general linear
model (Materials and Methods) reveals 56%, 32%, and
9% of the genes are significantly affected by sex, tempera-
ture, and dcr-1 KD, respectively (supplementary fig. S2,
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Fic. 2. dcr-1 KD results in “normal” but wobbly transcriptome. (A) Pairwise correlations among whole transcriptomes in RNA-seq data sets.
RNA-seq data was generated for each sex (female and male) X genotype (Wildtype and dcr-1 KD) X temperature (25 and 30 °C) combination
for L3. Correlations fall into three tiers, reflecting the impact of sex (Female versus Male), temperature (25 °C versus 30 °C), and dcr-1 KD (wild-
type versus dcr-1 KD), respectively. (B and C) Impact of temperature, dcr-1 KD and their interaction on gene expression profiles for females (B)
and males (C). The pie plot shows the percentage of genes affected by dcr-1 KD, temperature shifts, genotype X environment interactions and no
variation according to a generalized lineal model method (see Materials and Methods).
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Supplementary Material online). When dividing sex and
adding the interactions into the general linear model
(Materials and Methods), we observed the consistent pat-
tern that dcr-1 KD has a smaller effect on the transcrip-
tome compared with temperature shift (fig. 2B and C).
These results support the conjecture of a normal transcrip-
tome in dcr-1 KD in the absence of perturbation.

The results of figure 2A-C are about the overall expres-
sion patterns under various conditions. With the stabiliza-
tion mechanism compromised, we expect some genes to
deviate from the norm in expression, even though the
mean expression appears unchanged. These outlier expres-
sions will be an indication of reduced GRN stability under
the influence of a smaller miRNA pool. In these experi-
ments, we compared the number of dysregulated genes
under three different comparisons: dcr-1 KD, temperature
shift and both.

Although figure 2 is about the overall expression pat-
terns, figure 3 examines the expression deviations in indi-
vidual genes. In the first panel of figure 3, we observe the
overall dispersion of gene expression in the dcr-1 KD back-
ground with little bias in either up- or down-regulation.
Such deviations can be interpreted as expression instabil-
ity, rather than directional expression dysregulation.
Again, although dcr-1 KD has much less impact on the
transcriptome than temperature shift, dcr-1 KD exacer-
bates the stress of temperature shift on the transcriptome,
resulting in more dysregulated genes (fig. 3) in various gene
ontologies (supplementary table S1, Supplementary
Material online). In conclusion, GRN becomes less stable
with more dysregulated genes when miRNAs are modestly
reduced across the board.

Part Il—GRN Changes in TF Knockdown vs. miRNA
Knockdown Lines

Part 1l shows that, when miRNAs are broadly knocked
down, the transcriptome are only slightly perturbed with
the Pearson’s r ranging between 0.97 and 0.99. Note that
the higher the r-value, the smaller the effect of the gene
knockdown. To see how small (and also how unusual)
the miRNA effects are, we use the knockdown effects of
TFs for a comparison. Public RNA-seq data of
RNAi-mediated knockdown of each of many TFs are avail-
able for Drosophila S2 cells (References GSE89753). As our
experiments of miRNA knockdown are also based on
RNA-i, the comparison should be valid.

We choose one TF from each of the 18 TF gene families
(see Materials and Methods for the selection). Table 1 pre-
sents the correlation coefficient (Pearson’s r) between the
transcriptomes of TF KD lines and the wildtype control.
Roughly, one-third of the TF KD lines has a high r-value
(>0.98) and another one-third has a moderately high r be-
tween 0.92 and 0.97. The remaining one-third has a lower
and variable r-value, spread between 0.48 and 0.90.

Since the miRNA KD line has a partial expression reduc-
tion of all miRNAs, a proper comparison should be a simi-
lar partial reduction of all TFs. Unfortunately, although

Table 1. Effect of TF Versus miRNA Knockdown on the Transcriptome
and Development.

Single transcription factors

TF Family Gene  Pearson’s Stage of phenotypic
r defect”
TALE/PBX exd 0.9901 1
Homeobox

p53 p53 0.9895 \"
HSF Hsf 0.9888 Il
TEA/ATTS sd 0.9881 1
NHR ZF Hr39 0.9868 1]
LIM Homeobox ap 0.9858 n
SAP Mrtf  0.9696 I
GATA ZF pnr 0.9525 |
SANT/Myb Myb 0.9442 Il
MEF2 Mef2 0.9333 1
bHLH da 0.9322 |
WD repeat mio Mio 0.9255 v
Zeste z 0.8913 \%
C2H2 ZF zfh1 0.8736 |
ETS pnt 0.711 |
bzIP kay 0.6983 |
E2F/DP E2f1 0.6705 1
CUT Homeobox ct 0.4838 1

Aggregate effect of the 18 TF knockdowns (estimated)“ 0.0313
Aggregate effect of all miRNA knockdowns via Dicer-KD

25 °C-Female 0.9735 \%
25 °C-Male 0.9780 \"
30 °C-Female 0.9876 1
30 °C-Male 0.9884 1

Note.—The TF family is based on the UniProt/InerPro evidence.

?Correlation between the gene expression profile of the wildtype fly and that of
the TF (or miRNA) knockdown lines (see the main text for detail).

®For TF, the loss-of-function phenotype reported in FlyBase is used. |, embryonic
lethal; Il, larval lethal; 1, pupal lethal; IV, abnormal adult —sterile or unable to sur-
vive to adulthood; V, sub-normal adult—viable and fertile adults with aberrant
phenotypes.

“Correlation between the genes expression of wildtype and the estimated expres-
sion of the “aggregate” TF knockdowns of the 18 genes. In the aggregate, the ex-
pression of each gene (y) is calculated as:

y=logio WT +logy, (Fold change TF-1 KD/WT) + logy, (Fold change TF-2 KD/
WT) +...+ log;o (Fold change TF-18 KD/WT).

such experimentation is feasible for miRNAs via
dicer-KD, it cannot be done for TFs. One may nevertheless
assume that a broad knockdown of TFs should be at least
as severe as some of the most severe effects of the individ-
ual TF-KD lines, whereby the Pearson’s r ranges between
0.48 and 0.72. In this comparison, the effect of miRNA
knockdown on the transcriptome indeed appears far
weaker than that of TF knockdowns.

Although it is not possible to determine the effect of
broad TF knockdown on the GRN by experimentation,
we may make an inference of the TF effect by computa-
tional means. In Materials and Methods, we describe the
inference on the assumption that multiple TF affect the
gene expression multiplicatively. The cumulative effect of
multiple genes may or may not be more severe than the
effect of individual TFs because nearly half of the TFs up-
regulate and the other half down-regulate their targets.
Hence, it seems plausible that broad and mild knockdowns
of TFs may not perturb the GRN strongly. However, as pre-
sented in table 1, the computationally inferred effect yields
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a very low Pearson’s r of only 0.0313. In other words, the
inferred GRN under multiple TF knockdowns is almost en-
tirely uncorrelated with the wildtype. Most important, this
pattern is very divergent from the miRNA effect.

Table 1 also presents the effect of TF KD on develop-
ment. There is indeed a trend that the developmental ef-
fect is more severe when the deviation from the control is
greater (supplementary fig. S3, Supplementary Material
online). However, the correlation is rather weak as many
TF KD lines show early developmental defects, whereas
the transcriptome appears almost fully normal. It is likely
that the TF KD only perturbs a very small number of cru-
cial genes. In the next section, we will present the develop-
mental effects of dicer-KD lines which again distinguish
miRNA effects from those of TFs.

Part IV—Developmental Effects of dcr-1 KD

In this last part, we present the measurements of pheno-
typic effects in dcr-1 KD lines. Part Il has shown that the
transcriptomic changes by the treatment are rather
weak, especially in comparison with the knockdown of TFs.

Phenotypic Consequence of dcr-1 KD Under Standard
Culture Conditions

During the development, GRNs are constantly perturbed.
With the canalization by miRNAs weakened, the conse-
quence is expected to be cumulative, affecting the late
stages of development severely. We therefore measured
the life-history traits (fig. 4A) across the developmental
stages (egg hatchability, larval viability, pupal viability,
and adult longevity) expecting normal development in
the early stages but uncertainties in late ones.

Under standard conditions at 25 °C, dcr-1 KD flies in-
deed develop normally showing little adverse effects in
egg hatchability, larvae viability, and pupation. Strikingly,
toward the very end of the development, adults experi-
ence 80% reduction in longevity in both sexes (one-way
analysis of variance [ANOVA], P<0.05; fig. 4B). The
phenotypic defect in lifespan could be rescued by reintro-
ducing UAS-dcr-1 into the dcr-1 KD background (Materials
and Methods, supplementary fig. S4, Supplementary
Material online). The occurrence in the dcr-1 KD flies of de-
fects only in the late developmental stages is consistent
with the hypothesis of miRNAs role in developmental
canalization.

Phenotypic Consequences of dcr-1 KD Under High
Temperature

We then explored if miRNA can ameliorate the perturb-
ation of temperature shift from the standard 25 to 30 °C.
The higher temperature, known to be stressful to the flies
(Chen et al. 2015; Sgro et al. 2016; Vihervaara et al. 2018),
should not be uncommon in nature. In the dcr-1 KD back-
ground, the perturbation happens in flies with the stability
control compromised, analogous to a high-wire walker
without the pole.

6

Growing in 30 °C, dcr-1 KD flies displayed severe pheno-
typic defects with >95% decrease in both pupal viability
and adult longevity (fig. 4C and D). Hence, the defects
are much more severe than in 25 °C. Most flies cannot
complete the normal development which could be
stalled in various pupal stages (supplementary fig. S5,
Supplementary Material online). Since the failure to de-
velop does not happen in a defined stage, the observation
again suggests some cumulative effects in the miRNA KD
background. In short, even though fly development is
well canalized, the modest miRNA knockdown still leads
compromised stabilization (fig. 4D). In all experiments,
the rescue line is also used. Although the rescue can usually
be observed, it may at times be rather weak under extreme
conditions as in figure 4D. We will discuss this incomplete
rescue in Discussion.

Phenotypic Consequence of dcr-1 KD Under Transient
High-Temperature Shift

The cumulative effect of miRNA KD on development can
be best demonstrated with transient temperature shift.
The temperature is raised to 30 °C in either a 24- or 72-h
pulse (fig. 5A). We found dcr-1 KD could significantly de-
crease fly fitness by all heat pulses (fig. 5B and C; one-way
ANOVA, overall P <0.05).

For females, dcr-1 KD flies reflect significant decreases in
both pupal viability and lifespan after transient tempera-
ture shift. We observed that as the perturbations are
shifted earlier (larvae vs. pupae or adults), the affected
stages are shifted correspondingly, leading to more severe
decrease in both viability and longevity (fig. 5B and C, up
panel). We also found that these fitness decreases reveal
cumulative effect as a function of developmental progres-
sion (fig. 5B and C, up panel), with stronger effects toward
the late developmental stages (adults). For males, dcr-1 KD
flies also show significantly decreases in lifespan after tran-
sient temperature shift (fig. 5B and C, down panel). As for
the sex differences in the phenotypes of dcr-1 KD, we sug-
gest that the differences may simply be a “Tail end” effect
(a small difference in mean becoming a large difference in
the tail of the distribution) reflecting the innate sexual dif-
ference. Collectively, these results suggest that the pro-
nounced phenotypes of dcr-1 KD at 30 °C represent the
cumulative effects of perturbations through development.

Discussion

In 1942, Waddington proposed that “developmental reac-
tions...bring about one definite end-result regardless of
minor variations” (Waddington 1942). This statement is
the genesis of the canalization view. Since then, the genetic
circuitry required for canalization has been a constant to-
pic. The view on canalization in recent years has been ex-
tended from the analysis of small-scale circuits (Ebert and
Sharp 2012; Siciliano et al. 2013), to modules (Peldez and
Carthew 2012), and then to large-scale regulatory net-
works (Ambros 2019; Chen et al. 2019). In particular,
Chen et al. (2019) adopted the May-Wigner theory
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Fic. 4. Phenotypic consequences of dcr-1 KD under standard and high temperature. (A) Experimental design for fitness component assays (in-
dicated by arrows) across the whole Drosophila developmental process. Four typical fitness components (egg hatchability, larval viability, pupal
viability, and adult longevity are measured. (B) Phenotypic consequences of miRNA knockdown. Compared with wildtype, dcr-1 KD files reveal
no significant changes in egg hatchability, larval or pupal viability, whereas strikingly decrease longevity at 25 °C. This phenotypic defect can be
partially rescued by co-expressing UAS-dcr-1 in the rescue line (one-way ANOVA with Tukey correction for multiple comparisons, **P < 0.01,
**p < 0.001). (C) Phenotypic consequences of temperature shift. High temperature slightly reduces these fitness components. Student’s t-test is
used for significance tests, *P < 0.05. (D) Phenotypic consequences of both temperature shift and miRNA knockdown. dcr-1 KD flies reveal strik-
ing decreases in pupal viability and longevity at 30 °C. These phenotypic defects can be partially rescued in the rescue flies (one-way ANOVA with
Tukey correction for multiple comparisons, *P <0.05, **P <0.01, ***P < 0.001). Genotype: Wildtype (T98-Gal4/+; UAS-GFP/+); dcr-1 KD
(T98-Gal4/+; UAS-Dicer-1"™5%"41/1Y; der-1 rescue (T98-Gal4/+; UAS-Dicer-1 M50 jyAS-Dicer-1).
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0.01, **P < 0.001). (C) Longevity of wildtype, dcr-1 KD and dcr-1 rescue flies. After different heat pulse assays, lifespan of wildtype flies decreased
slightly, whereas lifespan of dcr-1 KD flies decreased significantly. The phenotypic defect can be partially rescued in the rescue flies. For dcr-1 KD
flies, 72 h heat pulse at the larval stage has the strongest effect in both sexes. Note that dcr-1 KD females are more sensitive to heat pulses than
males (one-way ANOVA with Tukey correction for multiple comparisons, *P < 0.05, **P < 0.01, ***P < 0.001).
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(May 1972, 1974) on the stability of complex systems to
show how miRNA actions can stabilize GRNSs.

The hypothesis can be schematically presented as:
miRNA actions — GRN stability — developmental canal-
ization. Although the first stage of “miRNA actions —
GRN stability” is supported by a series of studies (Zhao
et al. 2017; Chen et al. 2019), the influence of miRNAs
on developmental canalization has only been indirectly in-
ferred. For example, Chen et al. (2019) suggest that, with-
out the GRN stability governed by miRNAs, developmental
canalization might be untenable. An experimental at-
tempt at proving this connection has been reported by
Liufu et al. (2017) that the same miRNA may regulate
the same developmental phenotype via multiple target
genes, sometimes in the same but often in opposite direc-
tions. These antagonizing actions strongly hint, but do not
prove, the role of miRNAs on developmental canalization.

In this study, the connections from miRNA to develop-
ment via multiple links (i.e, miRNA actions — GRN stabil-
ity — developmental canalization) are established.
Furthermore, although previous reports (Li et al. 2009;
Cassidy et al. 2013; Kasper et al. 2017), including (Liufu
et al. 2017), analyze only a few chosen miRNAs, this study
is based on the entire collection of miRNAs. It hence pro-
vides the first empirical evidence supporting the theoret-
ical prediction that miRNAs collectively serve as the
canalization agent of development. Given that the envir-
onment fluctuates constantly, but often mildly, our results
show how development may cope with such most com-
mon perturbations.

Since first discovered in 1990s (Lee et al. 1993), miRNAs
have been proposed to function in diverse biological pro-
cesses (Bartel 2018). For example, previous studies have
shown that miRNAs serve as molecular switches in cell dif-
ferentiation (Nagosa et al. 2017; Galagali and Kim 2020)
and developmental transitions (Jiang et al. 2014; Ambros
and Ruvkun 2018) by repressing target genes (Eichhorn
et al. 2014). Recent works have proposed that miRNAs
work on gene circuits by reducing the expression noise
of their targets, especially on the lowly expressed ones
(Schmiedel et al. 2015; Wei et al. 2021). Furthermore, in
our series works, we have emphasized repeatedly that
miRNAs are unique among regulatory genes as their
main function is to stabilize the expressions (Wu et al.
2009; Liufu et al. 2017; Zhao et al. 2017; Chen et al.
2019), whereas others are about changing the expressions
or selective values (Chen et al. 2022). In this context, if
other regulatory genes (e.g, a collection of TFs) are weakly
and broadly reduced as was done here on miRNAs, we ex-
pect the transcriptome to be severely perturbed and de-
velopment to be arrested quite early (table 1).

In the field of evolutionary genetics, miRNAs stand as a
most dynamic class of genes with its high birth and death
rate (Lu et al. 2008, 2018; Nozawa et al. 2012; Lyu et al.
2014; Zhao et al. 2021). The changing evolvability of
miRNA targets indicated that miRNA’s regulation contrib-
ute to the evolution of organismal diversity (Xu et al.
2013). In a companion study on the evolution of gene

expression under miRNAs (Lin et al. 2022) extends the
connections in time scale from short-term development
to long-term evolution, schematically represented as
miRNA actions — GRN stability — developmental canal-
ization — evolution. By showing the continual gains and
losses of miRNA target sites during evolution, they suggest
that miRNAs keep the target gene expressions near an op-
timal level, until the optimum shifts occasionally during
long-term evolution. In conclusion, miRNAs may stabilize
GRNss in two vastly different time scales—in developmen-
tal as well as during evolution.

Materials and Methods

Fly Stocks

The UAS-GFP line (w1118/Y; miniwhite-UAS-eGFP/
miniwhite-UAS-eGFP) was generated by our laboratory. It
is a red-eyed strain with the insertion of mini white and
UAS-eGFP at 2 chromosome 51D using the PhiC31 site-
specific chromosomal integration system. T98-Gal4,
UAS-Dicer-1"™*""and UAS-Dicer-1 were obtained
from the Bloomington stock center and are described in
flybase (http://flystocks.bio.indiana.edu/), stock numbers
are 6,996, 34,826, and 36,510, respectively. All flies were
raised at 25 °C on a standard sugar-yeast-agar medium
and under 12:12 h light/dark cycles. Heat treatment was
carried out in the incubator at 30 °C for specified times.

Fly Viability Assay

Embryos were collected from 6- to 9-day-old flies, over 1-
2 h on grape juice agar plates. Before embryo collection
flies were kept in bottles with frequently replaced grape
juice agar plates for 3 days to eliminate old eggs.

For fly viability presented in figure 4, three batches of
100-200 embryos were collected for each genotype and
treatment (three genotypes X two treatments, dcr-1 KD,
wildtype and dcr-1 rescue; 25 and 30 °C). At day 0, the
number of first instar larvae (L1) was counted after 30 h,
the total number of pupae and adults was counted at
day 11-12. This schedule was used for flies raised at
both 25 and 30 °C. Egg hatchability (embryo viability) =
L1 number/egg number; larval viability=pupa number/
L1 number; pupal viability (eclosion rate) =adult num-
ber/pupa number.

For pupal viability presented in figure 5, three batches of
100-200 embryos were collected for each genotype and
treatment (three genotypes X seven treatments, dcr-1
KD, wildtype and dcr-1 rescue; 25 °C and heat pulse shown
in fig. 5A, left panel). At day 0, the total number of pupae
and adults (distinguishing females and males) was counted
at days 11-12. Eclosion rate for female =adult female
number/pupa number; Eclosion rate for male =adult
male number/pupa number.

Determining Pupal Lethality Stages
To define pupal lethality stages (supplementary fig. S4,
Supplementary Material online), we collected un-enclosed
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pupae at day 12 for each genotype and treatment (three
genotypes X two treatments: dcr-1 KD, wildtype and
dcr-1 rescue; 25 and 30 °C). Metamorphosis of these pupae
stopped at specific stages. One hundred to 200 wildtype
flies were counted for each phenotype. Pupal development
stages are according to Bainbridge and Bownes (1981).
Briefly, pupae with yellow eyes are regarded as dead at
late pupal stages, the rest at early stages; for the early pu-
pae, pupae with legs and wings achieving full extension
along the abdomen are regarded as dead at P5-P7, the
rest at P1-P4. Late pupae with mature bristles on most ab-
domen regions are regarded as dead at P14-P15, the rest at
P8-P13.

Adult Longevity Assay

Adult longevity (figs. 4 and 5) assays were performed as de-
scribed in (Chen et al. 2014). Briefly, virgin females and
un-mated males were collected separately, three vials (re-
plicates) of 20 flies of each genotype and treatment (3 gen-
otypes X 7 treatments X 2 sexes: dcr-1 KD, wildtype and
dcr-1 rescue; 25 and 30 °C and heat pulse shown in
fig. 5A right panel; female and male). Dead flies were counted
every 2-3 days and flipped to fresh vials until all had died.
Median survival was then determined and analyzed.

Detecting miRNA and Gene Expression by RT-PCR
For each genotype and treatment (3 genotypes X 2 treat-
ments: dcr-1 KD, wildtype and dcr-1 rescue; 25 and 30 °C),
3 batches of 6-10 female third instar larvae (L3) were col-
lected independently as biological replicates. L3 sex was dis-
tinguished by gonad morphology. For each replicate, total
RNA was extracted using the Ambion TRIzol® Reagent
(Code No. 15596018). Total RNA was reverse transcribed
into cDNA using the TARAKA Mir-X miRNA First Strand
Synthesis Kit (Code No. 638315) and the TOYOBO
ReverTra Ace qPCR RT Master Mix with gDNA Remover
(Code No. FSQ-301) for miRNA and protein-coding gene
analyses, respectively. RT-PCT was performed on an ABI
PRISM 7900 sequence detection system, TARAKA SYBR®
Premix Ex Taq (Tli RNaseH Plus) (Code No. RR420) was
used to detect amplification products. Relative expression
levels were calculated as 279", Primers used in this study
are shown in supplementary table S2, Supplementary
Material online. We used rp49 as internal reference control
for protein-coding genes. We used uridine-rich 6 (U6) small
nuclear RNA as internal reference for miRNAs. U6 is one of
the most widely used endogenous control for measuring
the expression change of miRNAs (Sun et al. 2004; Luo
et al. 2018; Gabisonia et al. 2019). We (Liufu et al. 2017;
Ma et al. 2020) and other groups (Schweisgut et al. 2017;
Luo et al. 2018) have independently used U6 as the en-
dogenous control of miRNA qRT-PCR assay.

Small RNA-Seq Analyses and Target Site Prediction

Small RNA libraries of L3 were retrieved from GEO (Gene
Expression Omnibus) with accessions GSM322208 and
GSM322245. High confidence miRNA precursors and
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mature sequences were retrieved from miRBase Release
21 (http://www.mirbase.org; Kozomara and
Griffiths-Jones 2014). Drosophila melanogaster genome
and 3’-UTR sequences (r6.04) were retrieved from
FlyBase (http://flybase.org/; Attrill et al. 2016). The expres-
sion of each mature miRNA was measured using
miRDeep?2 version 2.0.0.7 (Friedlander et al. 2012) with de-
fault parameters, normalized by total reads matching all
miRNA precursors per library and scaled as reads per mil-
lion. miRNA targets were predicted using TargetScan Fly
version 7.2 (Agarwal et al. 2018). Conserved miRNA targets
were predicted by TargetScan based on conservation with
PCT score >0.8. The PTC score reflected the probability
that a site is conserved due to selective maintenance of
miRNA targeting rather than by chance or any other rea-
son not pertinent to MiRNA targeting (Friedman et al.
2009). This cutoff has been used in previous publications
for choosing conserved miRNA targets (Lu and Clark
2012; Ma et al. 2020).

RNA-Seq Analyses of TFs KD

To select typical TFs for analysis, we obtained curated list
of TFs at the DRSC (http://www.flyrnai.org/supplement/
TranscriptionFactorGenes.xls). TFs list were filtered by re-
quiring they (1) have experimental evidence of TF activity
and DNA binding; (2) have public RNA-seq data of
RNAi-mediated knockdown in S2R+ cells (https://www.
ncbi.nlm.nih.gov/geo/query/acc.cgi’acc=GSE89753). This
gave a list of 42 TFs across 18 TF families. For each of the
18 TF gene families, gene with the lowest correlation be-
tween the gene expression profile (GEO ID: GSE89753) of
the wildtype and that of the TF knocking down cells was
selected and presented in table 1.

RNA-Seq Analyses of dcr-1 KD Lines

Total RNA was extracted from ~10 larvae using the TRIzol®
Reagent, ribo-depleted total-RNA libraries were con-
structed and sequenced on Illumina HiSeq 2000 at BGlI
(http://www.genomics.cn/index). Drosophila melanogaster
genome (BDGP6.83) was retrieved from the Ensembl data-
base. RNA-seq reads were mapped to the D. melanogaster
reference genome using Tophat (v2.1.0). The number of
reads mapping to each protein-coding gene were quanti-
fied using HTseq (v0.6.0). Significantly dysregulated genes
were called using DEseq2 (Love et al. 2014) with FDR <
0.1. Similar to previous work (Yeh et al. 2014), a
Generalized Linear Model was used to calculate the impact
of each factor (sex, temperature, and genotype) on gene
expression using the DESeqDataSet object:

yU/=/¢+S;+Tj+G,+eU,

In this formula, y;; refers gene expression for the ith sex, jth
temperature, Ith genotype; u is the baseline expression, S; is
the effect of the ith sex, T is the effect of the jth tempera-
ture, G, is the effect of the Ith genotype, € is the error term.
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To define the genes affected by genotype (dcr-1KD),
temperature, genotype X environment interactions for
each sex, the following Generalized Linear Model was used:

yi=u+Ti+G+ TG +¢j

In this formula, y; refers gene expression for the jth tem-
perature, Ith genotype; u is the baseline expression, T; is
the effect of the jth temperature, G, is the effect of the
Ith genotype, T;G is the interaction term, ¢ is the error
term.

Significantly dysregulated genes affected by each factor
were called with the FDR < 0.1 cutoff. To quantify gene ex-
pression and remove the dependence of variance on the
mean, the function vst (variance stabilizing transforma-
tions) in DESeq2 was used to transform gene count data.
Genes with read coverage <4 were not included in our
analysis. GO enrichment was estimated using David 6.8
(Huang et al. 2009) with cutoff P-value 0.01.

Supplementary Material

Supplementary data are available at Molecular Biology and
Evolution online.
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