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Abstract

We have screened a collection of UAS-RNA: lines targeting 10,920 Drosophila protein-coding genes for phenotypes in the adult wing. We
identified 3653 genes (33%) whose knockdown causes either larval/pupal lethality or a mutant phenotype affecting the formation of a nor-
mal wing. The most frequent phenotypes consist of changes in wing size, vein differentiation, and patterning, defects in the wing margin
and in the apposition of the dorsal and ventral wing surfaces. We also defined 16 functional categories encompassing the most relevant as-
pect of each protein function and assigned each Drosophila gene to one of these functional groups. This allowed us to identify which mu-
tant phenotypes are enriched within each functional group. Finally, we used previously published gene expression datasets to determine
which genes are or are not expressed in the wing disc. Integrating expression, phenotypic and molecular information offers considerable

precision to identify the relevant genes affecting wing formation and the biological processes regulated by them.
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Introduction

The availability of complete genome annotations in model organ-
isms together with the development of knockdown techniques
and mutant analysis opens the possibility of genome-wide phe-
notypic descriptions (St Johnston 2002; Dietzl et al. 2007). One
goal of such analyses is to provide a new dimension, the mutant
phenotype, to the molecular annotation of genomes. The pheno-
type of individual mutations or knockdowns informs about the
requirements of a gene in a particular process and serves as an
entry point to further in-deep characterization of its functional
roles. In general, most genes are expressed and participate in
many developmental stages and tissues, and consequently, each
mutant phenotype includes a variety of components related to
the specific characteristics of the tissue under scrutiny.
Reconstructing the steps linking a mutation or knockdown to a
morphological phenotype in a particular tissue is helped by our
previous understanding of the processes involved in the develop-
ment of that tissue. In turn, the analysis of morphological pheno-
types allows the identification and further characterization of
these developmental operations.

We have screened UAS-RNAI lines targeting 10,920 Drosophila
genes in the fly wing, a tissue for which there is a wealth of infor-
mation regarding the main steps and components of its develop-
ment (de Celis 2003; Beira and Paro 2016). Imaginal discs are
epithelial tissues that give rise during metamorphosis to the

adult structures of the fly. The wing imaginal disc differentiates
half of the thorax and one wing. Its development initiates during
embryogenesis with the specification of a primordium composed
of approximately 40 cells (Ostalé et al. 2018). Subsequently, these
cells invaginate and start proliferating, forming at the end of the
third larval instar a structure composed of approximately 50,000
cells. At this stage, each cell in the disc is genetically pro-
grammed to differentiate during pupal development specific
adult structures, either the cuticle that forms the wing and tho-
rax or the different elements that decorate the body and append-
age, including sensory organs and wing veins. The development
of the wing disc involves considerable cell proliferation, and this
is accompanied by a progressive regionalization of the disc into
the different presumptive regions of each adult structure (Ostalé
et al. 2018). This process is based on a variety of gene regulatory
networks leading to the generation of restricted spatial patterns
of gene expression. Common components of these gene regula-
tory networks are transcription factors and a set of signaling
pathways. The integration of these two elements underlies the
generation and expansion of gene expression domains during the
development of the wing disc.

Cell proliferation and differentiation, as well as pattern forma-
tion, are common developmental processes in multicellular tis-
sues controlled by evolutionary conserved batteries of genes. We
expect that genes involved in the regulation of these processes
would affect wing formation by altering its size or the spatial
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distribution of differentiated elements. This is indeed the case for
genes affecting the cell cycle, which insufficiency results in the
formation of smaller wings (Edgar 2006; Cruz et al. 2009). It is also
the case for genes encoding components of several signaling
pathways, whose mutations result in alterations in the pattern
and/or differentiation of veins, sensory organs, or the wing mar-
gin (Molnar et al. 2011). In addition, we expect that knockdown of
genes participating in general cellular functions such as tran-
scription, translation, protein trafficking, or metabolism might
also cause morphological alterations in the wing, for example as
a result of compromised cell viability. Finally, the Drosophila ge-
nome contains a considerable fraction of genes that are not pre-
sent in other organisms (Adams et al. 2000), and in these cases,
mutant phenotypes are fundamental data to initiate their func-
tional characterization.

Many studies have shown that the wing disc is an extremely
reactive structure to genetic and developmental perturbations
(Repiso et al. 2011; Beira and Paro 2016). In addition, the adult
wing is morphologically simple, in essence, the result of the com-
bination of two layers of cuticle with a precise size and shape, but
contains enough information in terms of patterned elements
(veins and sensory organs) to identify even subtle alterations to
its size and morphology as a result of changes in gene expression
(de Celis 2003). In this work, we combine the results of a global
RNAI screen with gene expression data and with a simplified mo-
lecular gene annotation with the aim of generating a searchable
dataset conveying the main phenotypic consequences of the
knockdown of a substantial fraction of the Drosophila genome.

Materials and methods
Drosophila strains

We made Gal4/UAS-RNAi combinations using the Gal4 drivers
sal*™-Gal4 (Cruz et al. 2009), nub-Gal4, and sd-Gal4 (Calleja et al.
1996). The UAS-RNAI lines were from the Vienna Drosophila
Resource Center (VDRC), National Institute of Genetics Fly Stock
Center (NIG-Fly), and Bloomington Drosophila Stock Center (BDSC;
see Supplementary Table S1). Flies were raised at 25°C (unless
otherwise stated) in fly medium containing Glucose (50gr/L),
Agar (7.86gr/L), wheat flour (35.7gr/L), yeast (71.4gr/L),
Methylparaben (2.8mL/L), and Propionic acid (4.3mL/L). Adult
flies of Gal4/UAS-RNAi genotype were scored under the dissection
microscope, and selected wings of UAS-Dicer2/+; nub-Gal4/UAS-
RNAi and UAS-Dicer2/+; sal*™’-Gal4/UAS-RNAi combinations (ap-
proximately 800) were mounted in Lactic acid-Ethanol (6:5) for
microscopic examination. Pictures were taken using a Spot digital
camera coupled to a Zeiss Axioplan microscope (5X objective).
Pictures were captured and the background set to white using
Photoshop v21.2 (Adobe™).

Gene expression analyses

RNA-Seq

We took advantage of published RNA-Seq data obtained from dis-
sected wing imaginal discs (Flegel et al. 2016). In particular, reads
from run SRR3478156, corresponding to control larvae expressing
Gal4/GFP, were quantified using Sailfish 0.7.6.0 running at the
Galaxy platform. Drosophila melanogaster dmé6 transcriptome was
used as reference. Estimated relative expression levels were
expressed as transcripts per million (TPM).

Affymetrix microarrays

Wing imaginal discs (40 discs per sample in three replicates) were
dissected and stored at —80°C. Total RNA was extracted using the

guanidinium isothiocyanate method (TRIzol reagent; Invitrogen,
Carlsbad, CA, USA), followed by purification using an RNeasy col-
umn (Qiagen, Valencia, CA, USA). Each RNA preparation was
tested for degradation using the Agilent 2100 Bioanalyzer (Agilent
Technologies, Palo Alto, CA, USA). cDNA was synthesized from
total RNA using One-Cycle target labeling and control reagents
(Affymetrix, Santa Clara, CA, USA) to produce biotin-labeled
cDNA. The cDNA preparations (10pg) were fragmented (94°C,
35min) into 35-200 bases in length and hybridized to the
GeneChip™ Drosophila Genome 2.0 Array (Affymetrix) which con-
tains 18,880 probe sets, analyzing over 18,500 transcripts. Each
sample was added to hybridization solution containing 100 mM
2-(N-morpholino) ethanesulfonic acid, 1 M Na+ and 20mM
EDTA, with 0.01% Tween-20 to a final cDNA concentration of
0.05 pg/mL. Hybridization was performed for 16h at 45°C. Each
microarray was streptavidin-
phycoerythrin in a Fluidics station 450 (Affymetrix) and scanned
at 1.56 um resolution in a GeneChip Scanner 3000 7G System
(Affymetrix). Images were acquired and analyzed using GeneChip
Operating Software (GCOS). Microarray processing, hybridization,
and initial statistical analysis were performed by the Genomics
unit at the Centro Nacional de Biotecnologia. Deeper data analy-
sis was performed at the Centro de Biologia Molecular “Severo
Ochoa.” We used the average expression data for third instar con-
trol wing discs (sd-Gal4/UAS-GFP) described in Organista et al
(2015).

washed and stained with

In situ hybridization

We used a collection of 635 pictures of in situ hybridization
experiments carried out in our laboratory and published in
Molnar et al. (2006, 2012), Organista et al. (2015), and Hevia et al.
(2017). The expression patterns were classified as no expression
(NE), generalized expression (GEN), and patterned expression
(PAT). For a set of 562 genes, we compared the expression levels
(RNA-Seq and Microarray) with the expression observed by in situ
hybridization. We defined as “1” when at least one quantitative
data were concordant with the in situ and “0” when there was no
concordance between the three experiments (Supplementary
Table S2).

Gene ontology and InterPro analysis

We compiled all Gene ontology (GO) annotations and InterPro (IP)
domains for all Drosophila coding genes using Flymine (Lyne et al.
2007) and Flybase (Thurmond et al. 2019). All available descrip-
tions were summarized in a single term indicating one functional
class. These classes were “Cell adhesion” (CA), “Cell death” (CD),
“Cuticular differentiation” (CUT), “Cytoskeleton organization”
(CYT), “Cell division” (DIV), “Ribosome function” (RIB), “Cell sig-
naling” (SIG), “Transport across cell membranes” (TRA), “Protein
trafficking” (PTR), “Cellular metabolism” (MET), “Immune
Responses” (IMM), “DNA Biology” (DNA), “RNA Biology” (RNA),
and “Protein modifications” (PRO). A list of all abbreviations used
in this manuscript is presented in Table 1. The primary annota-
tion was further curated using the “Gene group” classification
available from Flybase and individual gene descriptions also
available in Flybase (Thurmond et al. 2019). Genes without any in-
formation based on sequence were classified as “CG,” and genes
for which there is at least one IP domain as CGh.
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Table 1 List of abbreviations used to define wing phenotypes and molecular classes

Phenotypic description
nec Necrotic wing disc PL
nW Wing missing EPL
S Smaller wing size LL
S(L) Larger wing size V+
S-P Size and pattern defects V+(N)
wt Normal wing V-
WS Wing shape defects (L2/L3/L4/L5)
WS(ds) Wing shape defects: broader cv
WS (Ic) Wing shape defects: lanceolate acv
WS (dp) Wing shape defects: shorther pcv
WS (hinge) Wing hinge defects WD
WS (Cy) Wing shape defects: Curled wings CD
WS (haltere) ~ Wing to halter transformation ds
WM Integrity of the wing margin Q+
WF Wings folded Q+
WA Wing surface adhesion WP

()

Strong phenotype

Phenotypic description

Molecular classes

Pupal lethal CG Coding gene with no homology
Early Pupal Lethal CG(h)  Coding gene with IP domain
Larval lethal CA Cell adhesion
Ectopic wing veins CD Cell Death
Thicker wing veins CUT  Cuticle
Loss of wing veins CYT  Cytoskeleton
Longitudinal veins DIV Cell division
2,3,4,and 5
Crosveins DNA  DNA biology
Anterior crosvein IMM  Immunology
Posterior cross vein MET  Metabolism
Wing differentiation defects ~ PRO  Protein Biology
Trichome differentiation PTR Protein transport
defects
Broader wing; escapers RIB Ribosome
of WE(s)
Ectopic bristles RNA  RNA biology
Loss of wing margin bristles SIG Cell signaling
Wing cuticle pigmentation TRA  Transport across membranes

defects
Weak phenotype

Results and discussion
Global data of the RNAIi screen

The Drosophila genome includes 13,957 RNA protein-coding genes
and a total of 3867 RNA nonprotein-coding regions, including
IncRNA, asRNA, CR, tRNA snoRNA, mir-RNA, and 1RNA
(Thurmond et al. 2019; Supplementary Table S1). We obtained
UAS-RNAI strains, mostly from VDCR, but also from NIG-Fly and
BDSC (Supplementary Table S1), targeting 10,920 protein-coding
mRNAs. The design of the VDCR RNAIi library was based on
Release 4.3 of the Drosophila genome, and since then a large num-
ber of genes have been added to the current annotation (R6.37).
We noticed that the set of genes we did not include in our analy-
sis (3037 genes) is enriched in proteins of unknown function (CG
and CGh; 1284 genes, 42% us 23% in the set of 2475 CG and CGh
genes that we analyzed). Most of these genes comprise small
open reading frames recently added to the genome annotation
(Couso and Patraquim 2017). Furthermore, we estimated that
29% of the genes we did not analyze are not expressed in the
wing disc (1572 out of 5433 genes), compared with 16% of genes
not analyzed that were counted as expressed in the wing disc
(1379/8415 genes; see below).

We crossed UAS-RNAI males from these 10,920 strains with
UAS-Dicer2; nub-Gal4 virgin females. All these crosses were made
in a Dicer2 overexpression background to increase the efficiency
of RNA interference. The nub-Gal4 driver is expressed in the wing
blade and hinge region of the wing imaginal disc and is also
expressed in many cells of the larval central nervous system and
salivary glands (Figure 1, A-D). The expression of nub-Gal4 during
pupal development is progressively lost from the interveins, be-
coming restricted to the future veins at approximately 12h after
puparium formation (data not shown). The complete results of
the screen are presented in Supplementary Table S1. This table
also contains the molecular annotation for each gene (see below),
its expression level in the wing disc (see below), and the particu-
lar UAS-RNAI strain used in each case. Out of 10,920 genes ana-
lyzed (Figure 1E), we obtained for 3653 genes either lethality or a
mutant phenotype in the wing (Figure 1, F and G), indicating that
expression of RNAI reveals functional requirements for an esti-
mated 33% of the Drosophila protein-coding genes (Table 2).
Lethality (1532 combinations; 14%; Table 2) was manifested in

late third instar larvae and through pupal development. Larval
lethality includes many cases where there is an extended third
instar larval period with a total (132 of 1532) or partial (269/1532)
failure to progress to the pupal stage. The majority of lethal com-
binations (621/1532) displayed early pupal lethality accompanied
by necrotic masses of tissue in the position of the developing
wing discs (“EPL/nec”; Figure 1H).

Visible wing phenotypes

Wing phenotypes were observed in escapers of some of these
combinations and in many viable combinations (n=2121;
Figure 1G; Supplementary Tables S1 and S2). We tried to summa-
rize the main phenotypic components of each mutant wing using
a simplified nomenclature (Table 1) based on the following abbre-
viations: “no-wing” includes all cases of adult flies or pharate
pupa in which the wing is not present or rudimentary (‘nW”;
Figure 2, A and F). “Size” refers to wings with reduced wing size,
but where the distribution of veins was normal or near normal
(“S”; Figure 2, A and J). Those rare cases where the wings were
larger than normal were described as “S(L).” “Size and Pattern”
refers to wings where both the size and the relative distribution
of veins along the anteroposterior axes are altered (“S-P”;
Figure 2, A and G). These wings could also display the loss of
some longitudinal veins, but always associated to a significant re-
duction of wing size and a general misposition of the remaining
longitudinal veins. Wings in which some vein stretches are miss-
ing but without strong defects in wing size or in the position of
the remaining veins were named “V-" (Figure 2, A and L).
Conversely, wings differentiating excess of veins were defined
“V+" (Figure 2, A and K). Most of these cases correspond to wings
differentiating ectopic veins located between the longitudinal
veins L2 and L3 or between the veins L4 and L5. In a minority of
cases, the wings do not differentiate ectopic veins, but the veins
are thicker than normal. This phenotype was named, following
the characteristic vein thickening caused by Notch gene insuffi-
ciency “V+(N).” The overall shape of the wing surface could also
be altered without changes in the pattern of veins. These pheno-
types were defined as “WS” (wing shape defects) and include
wings that are narrowed along the anteroposterior axes, a pheno-
type reminiscent of the mutant lanceolate “WS(lan),” wings
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nub-G4/UAS-GFP

E

F

ANALYZED EFFECT

C

n=13957

PHENOTYPE

EPL/nec

Figure 1 Overall results of the screen. (A-D) Expression of the nub-Gal4 driver (GFP; green) in the wing imaginal disc (A), central nervous system (B, C),
and salivary gland (D) in third instar larvae of nub-Gal4/UAS-GFP genotype. (C) A higher magnification of B. (E) Number of genes analyzed (blue) and not
analyzed (gray) in UAS-Dicer2/+; nub-Gal4/UAS-RNAi combinations. (F) Number of genes with (blue) and without (red) a lethal or visible phenotype in
UAS-Dicer2/+; nub-Gal4/UAS-RNA:i flies. (G) Number of lethal (dark blue) and viable lines with a visible phenotype (light blue) in UAS-Dicer2/+; nub-Gal4/
UAS-RNAI combinations. (H) Early pupal lethal with necrotic wings phenotype (UAS-Dicer2/+; nub-Gal4/UAS-CG4294-1) (I).

Table 2 Number of genes in each molecular class (N°), analyzed genes (Done), genes with (YES) or without (NO) a phenotype and

number of each phenotype identified in the screen

PRO MET DNA TRA SIG RNA PTR CYT CUT CA RB IMM DIV CD CGh CG Genome

N° 1,689 1,631 1,598 954 880 851 659 513 387 277 235 216 245 63 1,675 2,084 13,957
Done 1,364 1,338 1,253 797 755 702 609 431 312 250 197 169 218 50 1,294 1,181 10,920
Yes 392 385 510 199 271 391 240 165 88 87 178 41 114 17 299 276 3,653
No 972 953 743 598 484 311 369 266 224 163 19 128 104 33 995 905 7,267
LL/EPL/PL 161 174 193 87 72 247 108 54 37 19 150 15 40 7 87 81 1,532
nw 36 21 78 13 22 38 44 16 3 5 9 3 21 0 17 9 335
S-P 21 22 38 11 30 22 54 16 7 5 6 2 9 1 9 8 261
S 105 90 141 36 98 85 43 61 20 16 17 5 46 4 82 52 901
V+ 57 32 56 23 40 38 33 26 7 8 8 4 5 1 43 39 420
V- 21 4 35 6 37 8 10 9 2 7 2 1 2 0 9 18 171
WA 66 53 57 38 38 34 38 30 10 29 3 13 14 3 74 71 571
WM 11 12 24 9 22 15 8 7 2 2 1 4 7 0 19 13 156
WD 43 45 37 19 14 26 29 10 12 15 24 3 6 1 44 30 358
WS 6 5 14 3 5 1 0 1 4 3 0 1 2 1 12 5 63
WP 3 6 2 3 0 1 1 1 1 1 0 1 0 0 1 0 21
Q 1 3 3 0 3 0 1 1 0 0 0 0 0 0 1 2 15
CD 4 3 20 0 2 3 2 9 0 2 0 1 26 0 1 1 74
Expression (Y) 1,018 1,089 1,219 477 493 818 552 375 119 184 224 106 225 54 888 629 8,470
Expression (N) 685 536 394 477 383 31 105 135 268 93 11 110 19 9 789 1,390 5,435
Ex NPheY 96 94 75 65 62 8 18 22 49 17 5 19 6 3 102 159 800
%Exp 60.3 668 76.283 500 560 9.1 838 731 307 664 953 491 918 857 530 312 61.0

Number of genes expressed (Expression Y) and not expressed (Expression N) in the wing disc, number of not expressed genes with a knockdown phenotype (Exp N

Phe Y) and percentage of genes expressed in each molecular class (%Exp).

shortened along the proximo-distal axes, reminiscent of the
dumpy viable wing phenotype “WS(dp),” wings broader than nor-
mal, reminiscent of the daschous viable phenotype (ds), curved
wings “WS(Cy)” and wings transformed into haltere
[WS(haltere)]. Other phenotypes include defects in the integrity
of the wing margin (“WM”; Figure 2, A and I), the formation of
wing blisters, likely caused by defects in dorso-ventral wing

surface adhesion (“WA”; Figure 2, A and E), defects in wing pig-
mentation (“WP”; Figure 2, A and C), changes in the number, size,
spacing, or differentiation of the trichomes, the hairs formed by
each wing cell (cell differentiation; “CD”; Figure 2, A and M) and
defects in the number of bristles in the wing (Q— and Q+ to indi-
cate loss and ectopic bristles in the wing margin and wing sur-
face, respectively; Figure 2, A and H). Finally, other defects that
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F

CG13096

CG15631

Figure 2 Frequency of different wing phenotypes. (A) Overall frequency of adult phenotypes distributed in the groups “nW” (failure to form the wing),
“S-P” (changes in the size of the wing and relative positions of the veins), “S/S(L)” (wing size alterations), “V+” (ectopic or thicker veins), “V—" (loss of
veins), “WA” (failures in the adhesion between the dorsal and ventral wing surfaces), “WD” (altered wing cuticular differentiation), “WM” (defects in the
wing margin), “CD” (changes in cell size or trichome differentiation), “WS” (shape of the wing), “WP” (changes in wing pigmentation), and “Q”
(differentiation of ectopic bristles in the wing surface, “Q+", or loss of bristles in the wing margin, “Q-"). (B-M) Representative examples of wings
illustrating the main observed phenotypes. Wild-type control wing (UAS-Dicer2/+; nub-Gal4/UAS-GFP; B), UAS-Dicer2/+; nub-Gal4/UAS- CG42534-1 (“WP”;
C), UAS-Dicer2/+; nub-Gal4/UAS-hmw-1 (“WD”; D), UAS-Dicer2/+; nub-Gal4/UAS-rgn-i (“WA”; E), UAS-Dicer2/+; nub-Gal4/UAS-CG13096-1 (‘nW"; F), UAS-
Dicer2/+; nub-Gal4/UAS-zetaTry-i (“S-P”; G), UAS-Dicer2/+; nub-Gal4/UAS-CG7668-1 (“Q+"; H); UAS-Dicer2/+; nub-Gal4/UAS-LysS-1 (“WM”; 1), UAS-Dicer2/+;
nub-Gal4/UAS-CG15631-1 (“S”; J), UAS-Dicer2/+; nub-Gal4/UAS-1(2)09851-i (“V+"; K), UAS-Dicer2/+; nub-Gal4/UAS-CG9855-1 (“V—"; L) and UAS-Dicer2/+;
nub-Gal4/UAS- dyl-i (“CD”; M). Inset in M is a higher magnification of a lateral region of the wing.

we were unable to classify in these categories were defined as
wing differentiation defects (“WD”; Figure 2, A and D). They in-
clude incomplete unfolding of the wing surfaces, the appearance
of necrotic patches, wing cuticle with abnormal appearance, or
lack of rigidity. All abbreviations used through the manuscript
are presented in Table 1.

In general, we notice that flies of the same genotype show low
variability among individuals, allowing us to define each wing
using the nomenclature defined above and presented in Table 1.
Some of these phenotypes can appear simultaneously in wings of
the same genotype (Figure 2, C-M). For the purpose of quantifica-
tion, we considered each phenotypic component appearing in the
same wing as an independent event (Figure 2A). The only excep-
tion was the case of genotypes with “no-wing phenotype” (‘nW”),
where the presence of additional phenotypic annotations corre-
sponds to the use of other drivers, mostly sal**V-Gal4, and was not
included in the quantification. The most frequent phenotypes
were those related to alterations in the size of the wing [26.9%
“S/S(L)”], differentiation of the veins (17.7% “V+” and “V-7),
dorso-ventral wing surface adhesion (17% “WA”), and wing
cuticle differentiation defects (10.7% “WD”). Also frequent were
phenotypes of wing loss (10% “nW”) and defects in wing size and
vein patterning (7.8% “S-P”). The overall frequency of phenotypes
in shown in Figure 2A and some representative examples pheno-
types are shown in Figure 2, C-M.

Prevalence of knockdowns without phenotypic
consequences in the wing

Our data indicate a strong occurrence of genes whose knock-
downs fail to produce either lethality or a visible phenotype (66%
of the genes analyzed, corresponding to 7267 genes). There are
many reasons that could contribute to this high fraction of genes
whose function appears dispensable for wing imaginal disc devel-
opment. In the first place, the number of inactive RNAi lines are
estimated to comprise between 15% and 40% in different UAS-
RNAI collections (Dietzl et al. 2007; Perkins et al. 2015). A second
reason is insufficient knockdown efficiency, which could result in
false negatives. The efficiency of knockdown is specific for each
individual RNAI, and in a random collection of 64 UAS-RNAi/
Act-Gal4 viable combinations, it varies almost linearly from
95% to 10% reductions in mRNA amount (Dietzl et al. 2007).
Furthermore, only an estimated 38% of these combinations
resulted in a reduction of mRNA level below 25% of normal ex-
pression (Dietzl et al. 2007). Complementary, it is expected that
only a reduction in mRNA levels below a certain threshold would
result in a phenotype, and this threshold is expected to be spe-
cific for each gene. For example, mutations in genes encoding
proteins that form part of the ribosome behave as haplo-
insufficient, because a 50% reduction in gene dose results in a
Minute dominant phenotype (Marygold et al. 2007). In this man-
ner, it is expected for these genes that even a weak or moderate
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efficiency of knockdown results in an altered phenotype.
Consistently, we find that RNAi directed against genes encoding
components of the ribosome have the highest rate of effects. The
number of haplo-insufficient genes in Drosophila beyond ribo-
somal genes is very low and includes a handful of genes mostly
encoding components of the Notch signaling pathway, indicating
that for the majority of Drosophila genes a reduction larger than
50% is needed to obtain a mutant phenotype. A third reason
explaining a fraction of the nub-Gal4/UAS-RNAi combinations
that give no mutant phenotype is gene redundancy. The number
of gene duplications present in the Drosophila genome is very high
(Osada and Innan 2008; Bao et al. 2018), and, for example, several
Drosophila gene complexes encode two or more transcriptional
regulators that play similar roles and are expressed in the same
spatial pattern during wing imaginal development. Some exam-
ples of these gene complexes that play significant roles during
wing patterning are the achaete-scute (Garcia-Bellido and de Celis
2009), spalt (de Celis and Barrio 2009), Iroquois (Cavodeassi et al.
2001), Enhancer of split (Schrons et al. 1992), and knirps gene com-
plexes (Lunde et al. 1998). Finally, many genes playing important
functional roles during embryonic development and all those
which are tissue-specific are likely not expressed in the wing disc,
and consequently, it is expected that the expression of RNAi di-
rected against them in the wing disc result in normal adult flies.
Definitive results concerning gene requirements in a tissue of in-
terest can only be obtained by systematically evaluating gene
knockouts, something that will be possible by the development of
genome-wide libraries allowing CRISPR conditional gene disrup-
tion (Port et al. 2020). It is expected that such approaches would
be more efficient than RNAI to reveal functional requirements, as
RNAI only causes hypomorphic conditions that may be insuffi-
cient to cause a phenotype. Despite this and other limitations in-
herent to an experimental approach based in RNAi expression,
the phenotypes we observed allow a glimpse into the potential
function of a large collection of genes that might be later ex-
tended and validated by subsequent monographic analyses.

Correlation between gene expression and
knockdown phenotypes

In order to correlate our results with gene expression in the wing
disc, we used two global data sets obtained from Affymetrix
microarrays generated by us and from RNA-Seq published by
Flegel et al. (2016). We obtained expression data for 13,848 genes,
for which there were expression values in both dataset for 79% of
genes (n=10,994). To evaluate the consistency of these two inde-
pendent sets, we first compared the expression levels of these
10,994 genes in both datasets and found a significant linear corre-
lation between them (R? = 0.63 by Pearson correlation, P < 0.0001;
Figure 3A). When we arbitrarily set a threshold cutoff for expres-
sion in the wing disc of 1 for Affymetrix (average expression
value) and 10 for the RNA-Seq (TPM value) the results were con-
cordant (expression or not expression in both datasets) for 89% of
the 10,994 genes analyzed (Figure 3B). Using these expression
data, and considering that a gene is transcribed when its expres-
sion value is above our arbitrary threshold cutoff in either data-
set, we estimated that 61% of Drosophila protein-coding genes are
expressed in the wing disc (Table 2; Supplementary Table S1). We
also compared the expression levels detected by microarray and
RNA-Seq with images of in situ hybridization for 562 genes that
we published as supplementary information in Molnar et al
(2006, 2012), Cruz et al. (2009), Organista et al. (2015), and Hevia
etal. (2017). This comparison serves as an independent corrobora-
tion of confidence when classifying genes as expressed or not

expressed in the wing disc. We found that the fraction of genes
classified as expressed in the wing disc for which we could detect
expression by in situ hybridization varies from 86% (348/406) to
84% (75/89) for genes ubiquitously expressed (GEN) and
expressed in a restricted pattern (PAT), respectively (Figure 3C).
Only 45% (30 out of 67) of genes considered as not expressed in
the wing disc are also not detected by in situ hybridization
(Figure 3C).

We then compared expression and phenotypic class for a col-
lection of 10,803 genes. For those genes whose knockdowns result
in wild-type wings, we found that 42% (n=3060) were estimated
as not expressed in the wing disc (Figure 3D). This fraction is
much smaller for genes with a mutant phenotype. For example,
only 19% (n=292) of genes whose knockdown results in lethality
are not expressed in the wing disc (Figure 3D). A similar fraction
of 22% (n=496) combinations resulting in a visible wing pheno-
type corresponds to genes not expressed in the wing disc
(Figure 3D). When we split this analysis in individual phenotypic
groups, we found that the fraction of genes resulting in a mutant
phenotype with significant expression varies from 89% (pheno-
typic class “nW”) to 69% (phenotypic class “WA”). This analysis is
presented in Figure 3E and Supplementary Table S2. The pheno-
types observed for genes that were classified as not expressed in
the wing disc may be caused by misclassification of genes
expressed at low levels and considered as not expressed based on
RNA-Seq or microarray data. In addition, some cases of genes ap-
parently not expressed in the wing disc but causing a mutant
phenotype in knockdown condition could correspond to genes
that are only expressed during the pupal stage. It is at this stage
where the requirement for genes affecting wing shape and dorso-
ventral adhesion could be maximal. Another fraction of not-
expressed genes whose knockdown results in pupal lethality
could be caused by the prominent expression of nub-Gal4 in the
larval nervous system. Finally, it is also expected that the pheno-
types caused by off-target effects are within the group of genes
not expressed but with a mutant phenotype. Some examples of in
situ hybridization patterns and gene expression values are shown
in Figure 3F.

Phenotype comparison when using more than
one UAS-RNAI strain to target the same gene

We are aware that some of the phenotypes we found could corre-
spond to off-target effects arising through processed dsRNA that
target unintended mRNAs by means of incomplete base pairing.
The estimated rate of false positives in a background of Dicer2
overexpression is around 6% (Kulkarni et al. 2016). For a set of 281
genes, we used two or more independent RNAi lines
(Supplementary Table S2). We observed that in 72% of the cases
(202 genes), the resulting phenotypes were similar using different
RNAI strains. In the remaining 28% of cases (79 genes), we found
different results comparing two different RNAi lines directed
against the same gene (Supplementary Table S2). In most of
these cases (82%) one nub-Gal4/UAS-RNAI genotype resulted in
wild-type flies whereas the other combination gave lethality or
adult flies with a visible phenotype (Supplementary Table S2).
We did not find cases in which two RNAI lines targeting the same
gene resulted in opposite phenotypes (e.g., large vs small wing
size or extra us loss of veins). These results suggest that a consid-
erable fraction of discrepant results could be due to differential
efficiency of independent UAS-RNAI lines targeting the same
gene.
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Figure 3 Gene expression and phenotypic correlations. (A) Logarithmic representation of the expression values obtained from Affymetrix (Microarray)
and RNA-Seq expression values (values equal to O are not represented in the logarithmic scale). Nonconcordant data are shown as red circles (R? = 0.0)
and concordant data as black (R? = 0.02) and gray circles (R? = 0.69) for genes not expressed or expressed, respectively. (B) Percentage of genes showing
expression or not expression in both Affymetrix and RNA-seq data (gray section of the column) and genes with nonconcordant values of expression
(red column section of the column). (C) Expression detected by in situ hybridization were grouped in spatial PAT, GEN, and NE. For each group dark blue
section of each column represents the percentage of genes defined as expressed in the wing disc and light blue section of each column those not
expressed in Affymetrix or RNA-Seq experiments. (D) Percentage of genes defined as expressed (dark blue section of each column) or not expressed
(light blue columns) without a knockdown phenotype (wt), lethality (L), or a visible phenotype (Phe) in UAS-Dicer2/+; nub-Gal4/UAS-RNAi combinations.
(E) Percentage of genes defined as expressed (dark blue section of each column) or not expressed (light blue section of each column) resulting in loss of
wing (‘nW”), size and pattern defects (“S-P”), size defects (“S/S(L)"), loss or gain of vein phenotypes (“V+/V-"), loss of dorso-ventral adhesion (“WA”),
defects in wing differentiation defects (“WD”), and other less frequent phenotypes (‘OTH”). (F) Examples of in situ hybridization patterns showing the
levels of expression detected in Affymetrix and RNA-Seq experiments (Affymetrix/RNA-Seq) in the up-right corner of each picture.

We found a total of 1559 UAS-RNAI lines resulting in this “Wing
Folded” phenotype (“WF”) in combination with nub-Gal4

Analysis of folded wings caused by
overexpression of Tiptop in KK strains

It should be noticed that a significant proportion of the VDRC KK
UAS-RNAI strains (~25%) contain a P{UAS} insertion in the prox-
imity of the gene tiptop (Green et al. 2014; Vissers et al. 2016).
Recruitment of Gal4 to these UAS sequences causes overexpres-
sion of the transcription factor Tiptop, and this could lead to
the formation of adults with folded wings (Green et al. 2014).

(Supplementary Table S1). In 22% of these cases (n=352), we also
observed a fraction of adult flies with unfolded wings displaying
defects in the hinge and in the shape of the wing, consistent
with being caused by tiptop overexpression (Supplementary
Table S1). All these wings [“WF(s)/ds”] not showing any other ad-
ditional phenotype were classified as wild-type wings. To better
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sal*"-Gal4 UAS-GFP/+. Nuclei are stained with ToPro (blue). (B) Phenotypic frequency of UAS-Dicer2/+; sal®*”-Gal4/UAS-RNAi combinations resulting in a
mutant phenotype (blue section of each column) or wild-type wings (red section of each column) from UAS-RNAI lines that gave lethality (L), a visible
phenotype (Phe), folded wings without additional phenotypes (WF), and folded wings with an additional phenotype (WF/Phe) in UAS-Dicer2/+; nub-Gal4
UAS-RNAI/+ combinations. (C) Fraction of sal**"-Gal4 UAS-RNAI/+ mutant phenotypes observed with UAS-RNAi lines that were lethal in combination
with nub-Gal4. OTH: other phenotypes (V+, V—, WA, WD, WM, WP). (D-I) Examples of wings showing the phenotype of combinations of the same UAS-
RNAI line with nub-Gal4 (left) and sal**-Gal4 (right). (D-D’) UAS-Dicer2/+; nub-Gal4/UAS-CG6299-i (D) and UAS-Dicer2/+; sal**’-Gal4/UAS-CG6299-i (D).
(E—E’) UAS-Dicer2/+; nub-Gal4/UAS-Mtré4-i (E) and UAS-Dicer2/+; sal**’-Gal4/UAS-Mtr4-i (E'). (F-F’) UAS-Dicer2/+; nub-Gal4/UAS-CG46491-i (F) and UAS-
Dicer2/+; sal"’-Gal4/UAS-CG46491-1 (F"). (G-G') UAS-Dicer2/+; nub-Gal4/UAS-Atx2-i (G) and UAS-Dicer2/+; sal**’-Gal4/UAS-Atx2-1 (G'). (H-H’) UAS-Dicer2/+;
nub-Gal4/UAS-CG2246-1 (H) and UAS-Dicer2/+; sal*™-Gal4/UAS-CG2246-i (H'). (I-I') UAS-Dicer2/+; nub-Gal4/UAS-Su(var) 2-10-i (I) and UAS-Dicer2/+; sal**’-
Gal4/UAS- Su(uar)2-10-i (I).

understand the phenotypes of UAS-RNAI lines causing a fully We did not attempt to separate genetically the effects of the tiptop
penetrant WF phenotype in combination with nub-Gal4, we P{UAS} and UAS-RNAI insertions (see Vissers et al. 2016).

crossed 138 of these UAS-RNAI lines with the driver sal*™’-Gal4, X .

whose expression is restricted to the central region of the wing Co;ﬁrpllll)anson of knockdown phenotypes using
blade located between the veins L2 and L5 that does not include sal*""-Gal4 and nub-Gal4

the wing hinge (Figure 4A). The wings of 131 out of these 138 In aggregate, we analyzed a total of 722 sal*™-Gal4/UAS-RNAI
UAS-Dicer2/+; sal**’-Gal4/UAS-RNAI combinations were normal combinations. A subset of these UAS-RNAI lines (60%; n=433)
(95%), showing neither the WF nor any other phenotype was chosen because they resulted in lethality or strong wing
(Supplementary Table S2; Figure 4, B and F-F’), indicating that folded phenotypes in combination with nub-Gal4. The rest of
the genes targeted by the RNAI are in most cases dispensable in these UAS-RNAI lines (40%; n=289) were chosen at random.
the wing. Finally, we were able to identify 48 nub-Gal4/UAS-RNAi Approximately 82% of the genes included in this analysis

combinations where we could recognize size, trichome or cuticu- (n=722) were considered as expressed in the wing imaginal disc
lar differentiation phenotypes in wings with the typical “WF” ap- (n="589; Supplementary Table S2). As expected, most RNAI lines
pearance (Supplementary Table S1). In 15 out of 16 tested cases, resulting in normal flies in combination with nub-Gal4 also gave
these phenotypes affecting the wing independently of its folding normal-looking wings in combination with sal**"-Gal4 (96%; 190
were also recognized in sal*"’-Gal4/UAS-RNAI flies (Figure 4B). For out of 198 cases; Supplementary Table S2). UAS-RNAI lines result-
all these reasons, we considered in all our quantifications as ing in lethality or absence of wings in combination with nub-Gal4
wild-type phenotypes all the cases of “WF” wings in which we (n=289) affected in combination with sal**’-Gal4 wing size

could not identify any additional defect in wing morphology. and pattern (73%; n=211) or wing size (12%; n=34), with 5% of
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combinations without any visible phenotype (n=17; Figure 4C).
Finally, 78% from 167 UAS-RNAi combinations giving a visible
phenotype with nub-Gal4 resulted also in a mutant phenotype in
combination with sal®*’-Gal4 (n=131; Supplementary Table S2;
Figure 4B). Examples of the phenotypes obtained in combinations
of nub-Gal4 and sal*™-Gal4 with the same UAS-RNAI are shown in
Figure 4, D-1. The examples of Mtr4 helicase (Mtr4; Figure 4, E-E’),
Ataxin-2 (Atx2; Figure 4, G-G’) and Suppressor of variegation 2-10
[Su(var)2-10; Figure 4, I-I'] illustrate the cases more frequently
found, in which phenotypes of loss of wing in combination with
nub-Gal4 correspond to phenotypes of defects in wing size and
pattern in combination with sal**V-Gal4. The example of CG46491
(Figure 4, F-F’) illustrates the overwhelming majority of UAS-
RNAi/nub-Gal4 folded wings, which in the corresponding UAS-
RNAi/sal**”-Gal4 combinations develop normal wings. Other less
frequent cases are those of UAS-RNAI lines that in combination
with nub-Gal4 result in a strong phenotype and in combination
with sal*"’-Gal4 develop a normal wing (CG6299; Figure 4, D-D’
and CG2246; Figure 4, H-H’).

The Drosophila genome: functional categories

Wing phenotypes reveal functional requirements, either in basic
cellular functions impinging on cell viability or in more wing-
specific functions related to the growth and patterning of the
wing imaginal disc. In order to relate each phenotype with the
predicted function of the corresponding gene, we wanted to de-
fine for each Drosophila gene a single term summarizing its mo-
lecular function. To do this, we first used Flybase and Flymine to
compile all GO and IP terms available for each gene.
Subsequently, we summarized this information to classify each
gene into 1 of 14 functional categories that we thought encom-
pass the most relevant aspect of each gene/protein function.
These categories are “Cell adhesion” (CA), “Cell death” (CD),
“Cuticular differentiation” (CUT), “Cytoskeleton organization”
(CYT), “Cell division” (DIV), “Ribosome function” (RIB), “Cell sig-
naling” (SIG), “Transport across cell membranes” (TRA), “Protein
trafficking” (PTR), “Cellular metabolism” (MET), ‘Immune
Responses” (IMM), “DNA Biology” (DNA), “RNA Biology” (RNA),
and “Protein modifications” (PRO) (see Table 1 for abbreviations).
To these 14 groups, we added two groups including those genes
for which there is no information based in sequence or functional
approaches (CG) and all genes for which there is at least one IP
domain defined (CGh). The number and fraction of genes in-
cluded in each molecular class are presented in Table 2 and
Figure S5A, respectively. Using this classification, we analyzed
phenotypic frequencies within each molecular/functional class.
We found that some classes are much more likely to contain
genes whose knockdown results in lethality or a mutant pheno-
type in the wing. The molecular classes “RIB” (90%; 178/190),
“RNA” (56%; 391/702), and “DIV” (52%; 114/218) have a frequency
of genes with an altered phenotype way above the 33% average
observed for the total of 10,920 genes tested (n=3653; Figure 5B).
Conversely, the molecular classes “TRA” (25%; 199/797), IMM
(24%; 41/169), “CG" (23%; 276/1181), and CGh (23%; 299/1294)
have lower percentages of genes with knockdown phenotypes
(Figure 5B).

In general, the most prevalent visible phenotypes, such as
those affecting the size of the wing, its growth and pattern, the
adhesion between the dorsal and ventral wing surfaces, the dif-
ferentiation of cuticle and the formation of the wing margin, are
observed in all molecular classes (Figure 5, C-K). We also found
specific enrichment for several phenotypes in specific molecular
classes. For example, lethality was particularly enriched in the

“RIB” class (Figure 5C), defects in wing growth and patterning in
the “PTR” class (Figure 5D), wings of reduced size and abnormal
cell size were more frequent in the “DIV,” “CYT,” and “SIG” classes
(Figure SE), defects in wing vein and wing margin formation (V+4/
V- and WM) were prevalent in the “SIG” class (Figure 5 F and I),
wings with dorso-ventral adhesion failures were more frequently
found in the “CA” class (Figure 5G) and defects in trichome differ-
entiation (“CD”) were particularly prominent in the “DIV” class
(Figure 5]). A more detailed phenotypic analysis of the different
molecular classes is presented in the accompanying manuscript
(Lopez-Varea et al. 2021).

The fraction of genes apparently not expressed in the wing
disc but showing a phenotype in the wing is 22% in the genome
(800/3653). We notice that this fraction varies considerably when
comparing different molecular classes (Figure 6A). Thus, this
value is minimal for genes of the classes RIB, DIV, and PTR (3.1%,
5%, and 7.5%, respectively; Figure 6A), and maximal for the CGh,
IMM, CUT, and CG classes (34%, 46%, 54%, and 57%, respectively;
Figure 6A). The phenotypes observed for genes apparently not
expressed in the wing disc belong to the same classes identified
for expressed genes (see some examples in Figure 6B).

Examples of individual genes

Phenotypic information is a key entry point in the analysis of
gene function, as it informs about the potential function of a
gene in a particular tissue context. We show in Figure 7, some
examples of the phenotypes we observed for genes that we anno-
tated as being expressed in the wing disc. In some cases, the ob-
served phenotypes are reminiscent of those caused by alterations
in the activity of the signaling pathways regulating wing growth,
wing margin formation, and vein patterning and differentiation
(Molnar et al. 2011). For example, loss of Notch activity in the
wing disc results in vein thickening and loss of wing margin for-
mation similar to loss of anterior pharynx defective 1 (aph-1;
Figure 7A) and spatzle 6 (spz6; Figure 7B). Consistently, aph-1 enco-
des a scaffolding subunit of the gamma-secretase complex par-
ticipating in the processing of the Notch receptor (Shih and Wang
2007). In contrast, spz6 encodes a secreted protein of the Spatzles
family that is known to activate Toll signaling and so far has not
being linked to Notch signaling (Lewis et al. 2013). Phenotypes
presenting loss of veins are reminiscent of loss of Dpp/BMP
(Decapentaplegic/bone morphogenetic protein) or EGFR (epider-
mal growth factor receptor) signaling (de Celis 2003). pygopus
(pygo) encodes a nuclear component of the Wg (Wingless)/Wnt-
Bcatenin signaling pathway (Belenkaya et al. 2002) and its pheno-
type in the wing margin is compatible with reduced Wg signaling
(Figure 7C). Knockdown of pygo also causes loss of veins, a pheno-
type that is not related to Wg signaling (Figure 7C). tout-velu (ttv)
encodes a Glucuronosyltransferase involved in the synthesis of
heparan sulfate proteoglycans, which are required for Wingless,
Hedgehog, and Decapentaplegic signaling (Bornemann et al
2004). In our hands, knockdown of ttv only appears to compro-
mise Decapentaplegic signaling, because its knockdown
(Figure 7D) results in a phenotype characteristic of thick veins
loss-of-function alleles (de Celis 1997). The case of Follistatin (Fs),
encoding a secreted protein that inhibits Activin ligands (Pentek
et al. 2009), is also intriguing. On the one hand, knockdown of Fs
results in larger than normal wings, compatible with increased
Activin signaling (Figure 7E). In addition, these wings also show
loss of crossveins, a phenotypic trait characteristic of reduced
Decapentaplegic signaling (Figure 7E). Another interesting exam-
ple of a gene belonging to the signaling class is CCR4-NOT tran-
scription complex subunit 4 (Cnot4), which encodes a positive
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Figure 5 Classification of Drosophila genes into functional classes and examples of phenotypic frequencies within classes. (A) Percentage of protein-
coding genes included in the molecular/functional classes “CG” (dark blue; 2084 genes) , “PRO” (Protein biology; orange; 1689 genes), “CGh” (dark gray;
1675 genes), “MET” (Metabolism; light orange; 1631 genes), “DNA” (DNA biology; light blue; 1598 genes), “TRA” (Transport; light green; 954 genes), “SIG”
(Signaling; blue; 880 genes), “RNA” (RNA biology; brown; 851 genes), “PTR” (Protein transport; gray; 659 genes), “CYT” (Cytoskeleton; dark green; 513
genes), “CUT” (Cuticle; light blue; 387 genes), “CA” (Cellular adhesion; light green; 277 genes), “DIV” (Cell division; light gray; 245 genes), “RIB” (Ribosome;
pink; 235 genes), “IMM” (Immune responses; gray; 216 genes), and “CD” (Cell death; yellow; 63 genes). (B) Percentage of genes in the screen causing a
lethality or a visible phenotype in each molecular class. (C-K) Percentage of genes with a particular phenotype in each molecular class compared to the
same values for the entire genome (Genome, white columns). Each column represents for each molecular class and the genome the frequency of
lethality (Lethal; C), loss of wing and/or defects in wing size and pattern (nW/S/P; D), changes in wing size [S/S(L); E], defects in vein formation (V; F),
failures in the adhesion between the dorsal and ventral wing surfaces (WA; G), defects in wing cuticular differentiation (WD; H), partial loss of wing
margin structures (WM; I), Trichome differentiation (CD; J) and other less frequently observed phenotypes (WS/WP/Q).

regulator of the Jak/Stat signaling pathway (Grénholm et al
2012). Knockdown of Cnot4 causes a phenotype of ectopic vein
formation (Figure 7F), which suggests ectopic EGFR signaling.
Knockdown of genes belonging to the CG and CGh classes also
could result in informative phenotypes (Figure 7, G-L), which
would help to identify their functions. For example, CG7129 was
identified as a modifier of receptor tyrosine kinase signaling (Zhu
et al. 2005), and its phenotype in the wing includes the formation
of ectopic veins (Figure 7H). Similarly, CG8405 was also identified
in a gain-of-function screen searching for suppressors of Beadex
(Bejarano et al. 2008), and its loss-of-function phenotype in the
wing includes defects in the formation of the wing margin
(Figure 7I). In other instances, for example, CG12093 (Figure 7J),

CG14797 (Figure 7K), and Stomatin-like 2 (Stoml2; Figure 7L), no pre-
vious information is available. The loss-of-function phenotypes
we observe are indicative of a requirement of these genes for
wing growth and vein patterning. A more detailed phenotypic de-
scription and gene functional classification are presented in the
accompanying manuscript (Lépez-Varea et al. 2021).

Correlation with other genome-wide RNAi
screens

The development of the wing requires the contribution of signal-
ing pathways and general cellular functions that are common to
many other developmental systems. For this reason, we com-
pared our results with those of other genome-wide RNAi screens
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Gal4/UAS-spz6-RNAL (C) UAS-Dicer2/+; nub-Gal4/UAS-pygo-RNAL (D) UAS-Dicer2/+; nub-Gal4/UAS-ttu-RNAL. (E) UAS-Dicer2/+; nub-Gal4/UAS-Fs-RNAL. (F)
UAS-Dicer2/+; nub-Gal4/UAS-Cnot4-RNAi. (G) UAS-Dicer2/+; nub-Gald/UAS-CG13711-RNAi. (H) UAS-Dicer2/-+; nub-Gal4/UAS-1(3)05822-RNAi. (I) UAS-Dicer2/
+; nub-Gal4/UAS-CG8405-RNAI. () UAS-Dicer2/+; nub-Gal4/UAS-CG12093-RNAI. (K) UAS-Dicer2/+; nub-Gal4/UAS-CG14797-RNAI. (L) UAS-Dicer2/+; nub-
Gal4/UAS-Stoml2-RNAI. The functional class of each gene is indicated in the upper right corner of each picture.
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Figure 8 Correlation of the wing screen with other RNAi genetic screens. (A) The left column represents the percentage of genes with lethality or visible
phenotype in UAS-Dicer2/+; nub-Gal4/UAS-RNAI (striped gray section) or without any phenotype (striped red section). The following columns represent
the percentage of genes identified in each screen that also give a phenotype in the wing screen (gray section; coincidence). The percentage of genes
identified in each screen that do not give a phenotype in the wing screen is represented in the red section of each column (No coincidence). (B) Number
of times that a particular molecular class (DNA, RIB, CYT, DIV, PTR, RNA, SIG, CD, IMM, CUT, CA, CG, CGh, MET, PRO, and TRA) appear over-
represented (2x) or under-represented (2x) in 11 independent screens with respect to the fraction of genes included in each molecular class in the
genome. Dark red lines indicate over-representation and light red lines under-representation.

carried out either in cell cultures or addressing particular physio-
logical processes. The screens we considered were aimed at iden-
tifying genes regulating the cell cycle (Bjorklund et al. 2006), cell
death (Chew et al. 2009), EGFR signaling (Friedman and Perrimon
2006; Ashton-Beaucage et al. 2014), Notch signaling and bristle
formation (Mummery-Widmer et al. 2009), Notch signaling (Saj
et al. 2010), JAK/STAT signaling (Baeg et al. 2005), Metabolism
(Reed et al. 2014), heat nociception (Neely et al. 2010), cytoskeletal
organization (Bai et al. 2011), neuromuscular junction (Valakh
et al. 2012), and intestinal stem cell regulation (Zeng et al. 2015).
We first aimed to find whether the genes that give a phenotype in
these 12 independent published screens (Supplementary Table
S3) were also identified in our screen as causing lethality or
changes in wing morphology, size, or pattern. The percentage of
genes whose knockdown causes lethality or a phenotype in the
wing is 33% (see Figure 8A, left column). In case of each screen
identifying an independent set of genes giving a phenotype,

we expect for each set a similar ratio of genes showing a pheno-
type or lethality in our screen. In contrast, we found much higher
ratios in pair-wise comparisons between our screen and these
screens, varying from 45% to 76% of genes identified in our screen
that were also identified in these independent screens
(Figure 8A). In addition, we explored whether the molecular clas-
ses identified in all these independent screens were similarly
enriched. We found this to be the case, with some molecular
categories mostly under-represented in all screens (CA, CD, CG,
CGh, CUT, IMM, MET, and TRA; Figure 8B) and others mostly
over-represented (CYT, DIV, DNA, PTR, RIB, RNA, and SIG) in
several independent screens (Figure 8B).

In summary, we screened a collection of UAS-RNAI lines
targeting 10,920 Drosophila protein-coding genes for phenotypes
in the adult wing. We classified the resulting phenotypes in the
wing into morphological classes affecting the size, pattern, or dif-
ferentiation of the wing, and correlated each mutant phenotype
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in the wing with the expression levels of the corresponding gene
in the wing disc. Using existing GO and IP annotations, we pre-
sent a grouping of Drosophila genes into 16 functional groups
encompassing the more relevant aspect of each gene. A more in-
depth analysis of these functional classes is presented in the ac-
companying manuscript (Lépez-Varea et al. 2021).

Data availability

The data underlying this article are available in the article and in
its online supplementary material. All wing pictures we have
were submitted to the Figshare repository: https://doi.org/10.
6084/m9 figshare.16624645.v1; https://doi.org/10.6084/m9 figshare.
16624630.v1; https://doi.org/10.6084/m9.figshare.16624603.v1; and
https://doi.org/10.6084/m9.figshare.16624591.v1

Acknowledgments

We thank the Developmental Studies Hybridoma Bank at Iowa
University, NIG-FLy in Japan, Bloomington Stock Center, and
VDRC Stock Center for providing the tools necessary for this
work. We also thank two anonymous reviewers for their criticism
that greatly improved this manuscript. We would also like to ac-
knowledge the support from the Drosophila transgenesis and con-
focal microscopy CBMSO scientific services. The CBMSO enjoys
institutional support from the Ramén Areces and Santander
Foundations. The authors affirm that all data necessary for con-
firming the conclusions of the article are present within the arti-
cle, figures, tables, and supplementary information.

Funding

This research was supported by Secretaria de Estado de
Investigacién, Desarrollo e Innovacién, Grant/Award Number
PGC2018-094476-B-100. The founders have no role in the research
design, execution, analysis, interpretation, and reporting.

Conflicts of interest

The authors declare that there is no conflict of interest.

Literature cited

Adams MD, Celniker SE, Holt RA, Evans CA, Gocayne JD, et al. 2000.
The genome sequence of Drosophila melanogaster. Science. 287:
2185-2195.

Ashton-Beaucage D, Udell CM, Gendron P, Sahmi M, Lefrancois M, et
al. 2014. A functional screen reveals an extensive layer of tran-
scriptional and splicing control underlying RAS/MAPK signaling
in Drosophila. PLoS Biol. 12:e1001809.

Baeg GH, Zhou R, Perrimon N. 2005. Genome-wide RNAi analysis of
JAK/STAT signaling components in Drosophila. Genes Dev. 19:
1861-1870.

Bai S, Herrera-Abreu M, Rohn J, Racine V, Tajadura V, et al. 2011.
Identification and characterization of a set of conserved and new
regulators of cytoskeletal organization, cell morphology and mi-
gration. BMC Biol. 9:54.

Bao R, Dia SE, Issa HA, Alhusein D, Friedrich M. 2018. Comparative
evidence of an exceptional impact of gene duplication on the de-
velopmental evolution of Drosophila and the higher diptera. Front
Ecol Evol. 6:63.doi:10.3389/fev0.2018.00063.

Beira JV, Paro R. 2016. The legacy of Drosophila imaginal discs.
Chromosome. 125:573-592.

Bejarano F, Luque CM, Herranz H, Sorrosal G, Rafel N, et al. 2008. A
gain-of-function suppressor screen for genes involved in dorsal—-
ventral boundary formation in the Drosophila wing. Genetics. 178:
307-323.

Belenkaya TY, Han C, Standley HJ, Lin X, Houston DW, et al. 2002.
pygopus encodes a nuclear protein essential for Wingless/Wnt
signaling. Development. 129:4089-4101.

Bjorklund M, Taipale M, Varjosalo M, Saharinen J, Lahdenpers J, et al.
2006. Identification of pathways regulating cell size and
cell-cycle progression by RNAi. Nature. 439:1009-1013.

Bornemann DJ, Duncan JE, Staatz W, Selleck S, Warrior R. 2004.
Abrogation of heparan sulface synthesis in Drosophila disrupts
the Wingless, Hedgehog and Decapentaplegic signaling path-
ways. Development. 131:1927-1938.

Calleja M, Moreno E, Pelaz S, Morata G. 1996. Visualization of gene
expression in living adult Drosophila. Science. 274:252-255.

Cavodeassi F, Modolell J, Gomez-Skarmeta JL. 2001. The Iroquois fam-
ily of genes: from body building to neural patterning.
Development. 128:2847-2855.

Chew SK, Chen P, Link N, Galindo KA, Pogue K, et al. 2009.
Genome-wide silencing in Drosophila captures conserved apopto-
tic effectors. Nature. 460:123-127.

Couso JP, Patraquim P. 2017. Classification and function of small
open reading frames. Nat Rev Mol Cell Biol. 18:575-589.

Cruz C, Glavic A, Casado M, de Celis JF. 2009. A gain-of-function
screen identifying genes required for growth and pattern forma-
tion of the Drosophila melanogaster wing. Genetics. 183:1005-1026.

de Celis JF. 1997. Expression and function of decapentaplegic and thick
veins during the differentiation of the veins in the Drosophila wing.
Development. 124:1007-1018.

de Celis JF. 2003. Pattern formation in the Drosophila wing: the devel-
opment of the veins. Bioessays. 25:443-451.

de Celis JF, Barrio R. 2009. Regulation and function of spalt proteins
during animal development. Int ] Dev Biol. 53:1385-1398.

Dietzl G, Chen D, Schnorrer F, Su K-C, Barinova Y, et al. 2007. A
genome-wide transgenic RNAI library for conditional gene inacti-
vation in Drosophila. Nature. 448:151-156.

Edgar BA. 2006. How flies get their size: genetics meets physiology.
Nat Rev Genet. 7:907-916.

Flegel K, Grushko O, Bolin K, Griggs E, Buttitta L. 2016. Roles for the
histone modifying and exchange complex NuA4 in cell cycle pro-
gression in Drosophila melanogaster. Genetics. 203:1265-1281.

Friedman A, Perrimon N. 2006. A functional RNAI screen for regula-
tors of receptor tyrosine kinase and ERK signalling. Nature. 444:
230-234.

Garcia-Bellido A, de Celis JF. 2009. The complex tale of the achaete-s-
cute complex: a paradigmatic case in the analysis of gene organi-
zation and function during development. Genetics. 182:631-639.

Green EW, Fedele G, Giorgini F, Kyriacou CP. 2014. A Drosophila RNAi
collection is subject to dominant phenotypic effects. Nat
Methods. 11:222-223.

Grénholm J, Kaustio M, Myllymaki H, Kallio J, Saarikettu J, et al. 2012.
Not4 enhances JAK/STAT pathway-dependent gene expression
in Drosophila and in human cells. FASEBJ. 26:1239-1250.

Hevia CF, Lépez-Varea A, Esteban N, de Celis JF. 2017. A search for
genes mediating the growth-promoting function of TGF in the
Drosophila melanogaster wing disc. Genetics. 206:231-249.

Kulkarni M, Sopko R, Sun X, Hu Y, Nand A, et al. 2016. An integrative
analysis of the InR/PI3K/Akt network identifies the dynamic re-
sponse to insulin signaling. Cell Rep. 16:3062-3074.


https://doi.org/10.6084/m9.figshare.16624645.v1
https://doi.org/10.6084/m9.figshare.16624645.v1
https://doi.org/10.6084/m9.figshare.16624630.v1
https://doi.org/10.6084/m9.figshare.16624630.v1
https://doi.org/10.6084/m9.figshare.16624603.v1
https://doi.org/10.6084/m9.figshare.16624591.v1

14 | G3,2021, Vol 11, No. 12

Lewis M, Arnot CJ, Beeston H, McCoy A, Ashcroft AE, et al. 2013.
Cytokine Spdtzle binds to the Drosophila immunoreceptor Toll
with a neurotrophin-like specificity and couples receptor activa-
tion. Proc Natl Acad Sci U S A. 110:20461-20466.

Lopez-Varea A, Vega-Cuesta P, Ruiz-Gémez A, Ostalé CM, Molnar C,
et al. 2021. Genome-wide phenotypic RNAi screen in the
Drosophila wing: Phenotypic description of functional classes.
G3;doi: 10.1093/g3journal/jkab349.

Lunde K, Biehs B, Nauber U, Bier E. 1998. The knirps and
knirps-related genes organize development of the second wing
vein in Drosophila. Development. 125:4145-4154.

Lyne R, Smith R, Rutherford K, Wakeling M, Varley A, et al. 2007.
FlyMine: an integrated database for Drosophila and Anopheles ge-
nomics. Genome Biol. 8:R129.

Marygold SJ, Roote ], Reuter G, Lambertsson A, Ashburner M, et al.
2007. The ribosomal protein genes and Minute loci of Drosophila
melanogaster. Genome Biol. 8:R216.

Molnar C, Casado M, Lépez-Varea A, Cruz C, de Celis JF. 2012.
Genetic annotation of gain-of-function screens using RNA inter-
ference and in situ hybridization of candidate genes in the
Drosophila wing. Genetics. 192:741-752.

Molnar C, Loépez-Varea A, Herndndez R, de Celis JF. 2006. A
gain-of-function screen identifying genes required for vein for-
mation in the Drosophila melanogaster wing. Genetics. 174:
1635-1659.

Molnar C, Resnik-Docampo M, Organista MF, Martin M, Hevia CF, et
al. 2011. Signalling pathways in development and human
disease: a Drosophila wing perspective.In: D Plaseska-Karanfilska,
editor. Human Genetic Diseases. 51000 Rijeka, Croatia: InTech.
pp. 1-36. ISBN:978-953-307-936-3.

Mummery-Widmer JL, Yamazaki M, Stoeger T, Novatchkova M,
Bhalerao S, et al. 2009. Genome-wide analysis of Notch signalling
in Drosophila by transgenic RNAi Europe PMC Funders Group.
Nature. 458:987-992.

Neely GG, Hess A, Costigan M, Keene AC, Goulas S, et al. 2010. A
Genome-wide Drosophila screen for heat nociception identifies
0253 as an evolutionarily conserved pain gene. Cell. 143:628-638.

Organista MF, Martin M, de Celis JM, Barrio R, Lépez-Varea A, et al.
2015. The spalt transcription factors generate the transcriptional
landscape of the Drosophila melanogaster wing pouch central re-
gion. PLoS Genet. 11:e1005370.

Osada N, Innan H. 2008. Duplication and gene conversion in the
Drosophila melanogaster genome. PLoS Genet. 4:e1000305.

Ostalé C, Ruiz-Gomez A, Vega P, Ruiz-Losada M, Estella C, et al. 2018.
Drosophila imaginal discs as a playground for genetic analysis:
concepts, techniques and expectations for biomedical research.
Drosophila melanogaster - Model for Recent Advances in

Genetics and Therapeutics, Farzana Khan Perveen, IntechOpen,
DOI: 10.5772/intechopen.72758.

Pentek ], Parker L, Wu A, Arora K. 2009. Follistatin preferentially
antagonizes activin rather than BMP signaling in Drosophila.
Genesis. 47:261-273.

Perkins LA, Holderbaum L, Tao R, Hu Y, Sopko R, et al. 2015. The
transgenic RNAi project at Harvard Medical School: resources
and validation. Genetics. 201:843-852.

Port F, Strein C, Stricker M, Rauscher B, Heigwer F, et al. 2020. A
large-scale resource for tissue-specific CRISPR mutagenesis in
Drosophila. eLife. 9:e53865.

Reed LK, Lee K, Zhang Z, Rashid L, Poe A, et al. 2014. Systems geno-
mics of metabolic phenotypes in wild-type Drosophila mela-
nogaster. Genetics. 197:781-783.

Repiso A, Bergantinos C, Corominas M, Serras F. 2011. Tissue repair
and regeneration in Drosophila imaginal discs. Dev Growth Differ.
53:177-185.

Saj A, Arziman Z, Stempfle D, van Belle W, Sauder U, et al. 2010. A
combined ex vivo and in vivo RNAi screen for Notch regulators in
Drosophila reveals an extensive Notch interaction network. Dev
Cell. 18:862-876.

Schrons H, Knust E, Campos-Ortega JA. 1992. The Enhancer of split
complex and adjacent genes in the 96F region of Drosophila mela-
nogaster are required for segregation of neural and epidermal pro-
genitor cells. Genetics. 132:481-503.

Shih IM, Wang TL. 2007. Notch signaling, y-secretase inhibitors, and
cancer therapy. Cancer Res. 67:1879-1882.

St Johnston D. 2002. The art and design of genetic screens: Drosophila
melanogaster. Nat Rev Genet. 3:176-188.

Thurmond J, Goodman JL, Strelets VB, Attrill H, Gramates LS, et al.;
FlyBase Consortium. 2019. FlyBase 2.0: the next generation.
Nucleic Acids Res. 47:D759-D765.

Valakh V, Naylor SA, Berns DS, DiAntonio A. 2012. A large-scale
RNAI screen identifies functional classes of genes shaping synap-
tic development and maintenance. Dev Biol. 366:163-171.

Vissers JHA, Manning SA, Kulkarni A, Harvey KF. 2016. A Drosophila
RNAi library modulates Hippo pathway-dependent tissue
growth. Nat Commun. 7:10368.

Zeng X, Han L, Singh SR, Liu H, Neumdller RA, et al. 2015.
Genome-wide RNAI screen identifies networks involved in intes-
tinal stem cell regulation in Drosophila. Cell Rep. 10:1226-1238.

Zhu MY, Wilson R, Leptin M. 2005. A screen for genes that influence
fibroblast growth factor signal transduction in Drosophila.
Genetics. 170:767-777.

Communicating editor: M. Boutros



	tblfn1

