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Genes that have been identified in the genome but remain uncharacterized with regards to function offer an opportunity to uncover no-
vel biological information. Novelty is exciting but can also be a barrier. If nothing is known, how does one start planning and executing 
experiments? Here, we provide a recommended information-mining workflow and a corresponding guide to accessing information 
about uncharacterized Drosophila melanogaster genes, such as those assigned only a systematic coding gene identifier. The available 
information can provide insights into where and when the gene is expressed, what the function of the gene might be, whether there are 
similar genes in other species, whether there are known relationships to other genes, and whether any other features have already been 
determined. In addition, available information about relevant reagents can inspire and facilitate experimental studies. Altogether, min-
ing available information can help prioritize genes for further study, as well as provide starting points for experimental assays and other 
analyses. 
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Introduction 
Decades of experimental and bioinformatics analyses have re-
sulted in an excellent understanding of the number of protein- 
coding genes in the Drosophila genome (∼13,900) and their specific 
locations along the genome. Moreover, for many Drosophila genes, 
their biochemical and/or biological functions have been eluci-
dated. Nevertheless, functional information remains lacking for a 
large proportion of Drosophila genes. In evidence of this, for ∼60% 
of protein-coding genes (CGs) in the Drosophila genome (8,653 of 
13,986), there were 10 or fewer publications associated with the 
gene as of July 2023 (Fig. 1). About 70% of genes in this category 
have only a CG identifier. These identifiers act as placeholders, while 
a gene awaits functional characterization and assignment of a text- 
based name approved by FlyBase, a curated database of Drosophila 
gene information (Thurmond et al. 2019; Larkin et al. 2021). 

A goal of the Drosophila research community is to gain function-
al information for a larger proportion of Drosophila genes. One rea-
son this goal is important is that functional characterization of 
conserved genes in Drosophila can provide insights into the human 
gene “unknome,” i.e. relatively uncharacterized human genes 
(Rocha et al. 2023). An important way in which insights into the 
functions of previously uncharacterized genes can be gained is 
through unbiased, large-scale phenotypic screens. There is some-
thing thrilling about the moment a large-scale screen is com-
pleted and a list of genes identified in the study becomes 
available. The names of some well-characterized genes might 
show up on the list. However, as the ultimate goal of a research 

study is to gain novel insights into the topic under investigation, 
the real excitement arguably lies in the genes listed only by their 
CG identifiers and other relatively uncharacterized genes. 
Unfortunately, that excitement might be tempered by the fact 
that uncharacterized genes can also be challenging to study. If 
there is no information about a gene and its product, one might 
be left wondering where to start. However, due to the efforts of in-
dividual research projects and large-scale collaborative studies, 
there is information available for CGs and other relatively unchar-
acterized Drosophila genes. Through mining information already 
obtained in studies performed in Drosophila or in other species, 
as well as by applying predictive algorithms, a lot more can be as-
certained or predicted about uncharacterized Drosophila genes 
than might initially be apparent. 

Several knowledgebases and meta-databases provide sum-
mary overviews of gene and protein information, access to pheno-
type data, lists of predicted paralogs or orthologs, disease-related 
information for human orthologs, and lists of relevant published 
papers, including the Alliance for Genome Resources (Alliance;  
Alliance of Genome Resources Consortium 2020), FlyBase 
(Larkin et al. 2021), FlyMine (Lyne et al. 2007), Gene2Function 
(G2F; Hu, Comjean, Mohr et al. 2017), MARRVEL (Wang, Al-Ouran 
et al. 2017), Monarch Initiative Explorer (Monarch; Shefchek et al. 
2020), NCBI Gene, and UniProt (UniProt Consortium 2023). These 
databases and more specialized resources also provide access to 
a wealth of detailed experimental data and predictions about 
genes and their orthologs that can inform prioritization for follow- 
up studies and guide the design of experiments. 
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In Fig. 2, we present a recommended information-mining work-
flow (Fig. 2). What follows is a corresponding guide to accessing in-
formation about uncharacterized Drosophila genes from multiple 
online resources, including meta-databases and more specialized 
sites. This guide updates and adds to information covered in our 
previous review of resources available to the Drosophila research 
community (Mohr et al. 2014) and supplements the more focused 
information we provided in a review of resources relevant to spatial 
mapping following single-cell RNA-seq studies in Drosophila (Mohr 
et al. 2021). Moreover, the information below should be viewed as 
additional to the many excellent navigation guides, demo videos, 
and other tutorials provided by experts associated with individual 
databases. We refer to some of these tutorials in specific sections 
below. We also want to bring attention to the availability of several 
primers on Drosophila research including Greenspan (2004) and  
Hales et al. (2015), publications in the FlyBook series from Genetics 
(https://academic.oup.com/genetics/pages/flybook), a searchable 
online Drosophila Protocols Portal (https://www.flyrnai.org/tools/ 
protocols/web/), and a “New to Flies” section in the FlyBase Wiki 
(https://wiki.flybase.org/wiki/FlyBase:New_to_Flies). 

Step 1: what is known about the gene in 
Drosophila? 
Step 1, part 1: getting a quick overview of gene 
information 
Summary information in FlyBase Gene Reports 
The first thing a seasoned Drosophila researcher is likely to do 
when encountering a CG identifier or an unfamiliar gene name 
is to find a corresponding information page at FlyBase (https:// 
flybase.org/). FlyBase is a comprehensive knowledgebase of 
Drosophila gene and genome annotations; gene, protein, and 

phenotype information; Drosophila research community re-
sources; and more (Thurmond et al. 2019; Larkin et al. 2021). 
At FlyBase, each annotated gene is associated with a webpage 
known as a Gene Report. A FlyBase Gene Report provides basic in-
formation about the gene, such as gene identifiers, chromosomal 
location, gene products, gene summaries, expression data, pheno-
type data, and associated publications and displays or links to 
more detailed information curated from the literature or based 
on large-scale public datasets. To quickly access a FlyBase Gene 
Report for a CG# or other Drosophila gene, find the search box at 
the top right-hand side of any FlyBase webpage; choose “Jump to 
Gene” (J2G) as the search type; enter the CG#, gene symbol, or 
other gene identifier; and click to perform a search. A Google 
search with “FlyBase” and the CG#, gene name, or gene symbol 
is also likely to retrieve the FlyBase Gene Report for the gene. 
Each FlyBase Gene Report displays “General Information” about 
the gene at the top and includes a list of “Report Sections” on 
the right with hyperlinks to specific sections within the Gene 
Report. Clicking on the plus signs within sections or subsections 
expands the page to reveal detailed information. 

Help navigating FlyBase 
FlyBase has a long track record of helping Drosophila researchers 
navigate Gene Reports and other features of the knowledgebase. 
Recent publications from the FlyBase team describing how to 
navigate FlyBase include Gramates et al. (2022); Jenkins et al. 
(2022); Marygold and FlyBase (2023). FlyBase has also provided 
specific guidance on navigating “gene groups” (curated gene fam-
ilies; Rey et al. 2018) and Drosophila models of human diseases 
(Millburn et al. 2016). Additional resources include demo videos 
at the FlyBase YouTube channel (https://wiki.flybase.org/wiki/ 
FlyBase:FlyBase_Help_Index#Video_Tutorials) and the FlyBase 
“tweetorial” series, which can be accessed through the FlyBase 
Twitter account (https://wiki.flybase.org/wiki/FlyBase:FlyBase_ 
Help_Index#Tweetorials). FlyBase has also established a presence 
on the open source social media platform Mastodon (https:// 
mstdn.science/@FlyBase). 

Additional databases that provide quick summary 
overviews 
FlyBase is a perennial favorite of Drosophila researchers and is con-
sidered by other databases to be the authority on Drosophila mela-
nogaster gene and genome annotations. Notably, in addition to 
including a largely text-based resource in the form of Gene 
Reports, FlyBase also provides a visual summary of gene features, 
expression data, annotated features such as transcription binding 
sites, and more, via the FlyBase instance of the JBrowse viewer 
(Buels et al. 2016), which can be accessed from Gene Report pages. 
Nevertheless, FlyBase is not the only site to consider as a “go-to” 
resource for an initial search for summary information about a 
Drosophila gene. Alternative meta-databases are listed in Table 1 
and include the Alliance for Genome Resources (Alliance;  
Alliance of Genome Resources Consortium 2020), which offers a 
standardized format across model organisms and an updated 
web design; G2F (Hu, Comjean, Mohr et al. 2017), which provides 
summary information for a Drosophila gene and its orthologs in a 
single tabular view; FlyMine (Lyne et al. 2007), which describes it-
self as a “data warehouse” that can be used to mine integrated 
data; MARRVEL (Wang, Al-Ouran et al. 2017), in which model or-
ganism gene information is displayed in the context of informa-
tion about human orthologs; Monarch (Shefchek et al. 2020), 
which emphasizes phenotype information; NCBI Gene, which is 
standardized across the large number of species supported, 

Fig. 1. Number of publications per genome-annotated Drosophila 
melanogaster protein-coding gene. On the x-axis, genes are binned based 
on the number of publications associated with the gene. The y-axis shows 
the number of CG genes (lighter gray) or other genes (darker gray) in each 
bin. Publications associated with >100 genes were removed prior to the 
analysis. Data were obtained from NCBI on 26 July 2023, at https://ftp. 
ncbi.nlm.nih.gov/gene/DATA/. For about 8,653 of the 13,986 
protein-coding genes in the Drosophila genome, 10 or fewer publications 
are associated with the gene. As shown, this group is enriched for genes 
with only a CG systematic identifier (no text-based name).   
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including model and nonmodel species; and UniProt (UniProt 
Consortium 2023), which emphasizes protein-related informa-
tion. A simple web browser search with “Drosophila” and the CG# 
or other gene symbol can also provide a good starting point for find-
ing relevant information and resources. Factors that might influ-
ence the choice of a “go-to” starting knowledgebase include the 
type of information being sought out; the importance of viewing 
ortholog and/or human disease-related information at an early 
stage; and the appearance of the user interface (UI), which differs 
significantly among these sites. These alternative sites import infor-
mation from FlyBase but might not be in sync with the most recent 
FlyBase genome and gene annotation releases. An additional meta- 
database, GeneMANIA (https://genemania.org; Franz et al. 2018), 
provides a more limited amount of summary information. At 
Genemania, information is present in the form of a network drawn 
using Cytoscape (https://cytoscape.org/; Shannon et al. 2003), with 
different types of features indicated as edges of different colors. 

Navigating additional resources 
These resources additional to FlyBase have similarly made efforts 
to help users navigate the information they provide. Multimedia 
tutorials for the Alliance are compiled on a central webpage 

(https://www.alliancegenome.org/tutorials); the parent organiza-
tion of FlyMine, InterMine (Kalderimis et al. 2014), provides a 
user documentation page with links to a “getting started” page and 
video demos (http://intermine.org/intermine-user-docs/); G2F pro-
vides guidance and a demo video at the G2F About/Help page 
(https://www.gene2function.org/search/help); MARRVEL provides 
guidance and a demo video at the MARRVEL FAQs page (https:// 
marrvel.org/faq), as well as in Wang, Liu et al. (2019) and Wang, 
Mao et al. (2019); the Monarch homepage “examples” tab includes 
gene pages for non-Drosophila model species that demonstrate the 
type of information a Drosophila gene search would provide 
(https://monarchinitiative.org/); NCBI provides tutorials that include 
relevant “How to: Find …” pages at (https://www.ncbi.nlm.nih.gov/ 
home/tutorials/); and UniProt provides help with navigation in  
Lussi et al. (2023) and Zaru et al. (2023). At least 2 of these resources 
have a presence at Mastodon: the Alliance (https://mstdn.science/@ 
AllianceGenome@genomic.social) and Monarch (https://mstdn. 
science/@monarch_initiative@genomic.social). 

Gathering basic information about a gene 
The top of a FlyBase Gene Report or equivalent page at another 
meta-database typically displays summary information about 

Fig. 2. Workflow for mining information about uncharacterized Drosophila genes. Top boxes, main workflow questions to be addressed through 
information mining. Subsequent numbered boxes, individual queries that help address the main question. "Based on ..." box, point of integration of 
information, when a decision is made to include or exclude a gene from further studies. Genes identified at steps 1.5 or 2.6 can enter the pipeline at step 
1. As a final step, we suggest “paying it forward” by aiding curators and depositing information into relevant databases, e.g. using FlyBase Fast Track Your 
Paper and/or data submissions to NCBI. Figure made using OmniGraffle.   
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the gene model, including its genomic location and a list of tran-
scripts (isoforms) encoded by the gene, a concise presentation of 
known or inferred functional information (e.g. the “gene sum-
mary” at FlyBase or the “automated description” at the Alliance), 
and gene ontology (GO) terms associated with the gene. In some 
cases, this information alone will be sufficient to decide if a gene 
should be included or excluded from follow-up studies. In many 
cases, however, additional relevant data will be needed. 

Step 1, part 2: finding RNA expression patterns 
Accessing RNA expression and localization data 
Identifying when and where a Drosophila gene is expressed is a 
common early goal, as this information can provide insights into 
the potential relevance of the gene to the process under study 
and guide experimental design. Over time, Drosophila researchers 
have been able to conduct large-scale transcriptomics and in situ 
hybridization studies at increasing scale, precision, and reso-
lution. Large-scale transcriptomics datasets include those from 
the modENCODE project (bulk RNAseq; modEncode Consortium 
et al. 2010), FlyAtlas 2 (bulk RNAseq; Leader et al. 2018), and Fly 
Cell Atlas (FCA; single-cell RNAseq; Li et al. 2022). Large-scale 
RNA localization datasets include the Berkeley Drosophila 
Genome Project’s (BDGP) in situ library (Tomancak et al. 2002;  
Tomancak et al. 2007; Hammonds et al. 2013), the Fly-FISH project 
(Lecuyer et al. 2007; Wilk et al. 2016), and the Dresden Ovary 
Table (DOT; Jambor et al. 2015). Figure 3 summarizes questions 
that might motivate a search for RNA expression and localization 
data, displays corresponding data resources, and shows at what 
online resources researchers can navigate to one or more of the 
datasets. In Table 2, we provide URLs to relevant meta-databases, 
knowledgebases, and focused databases that include RNA expres-
sion and localization data. 

We also note the availability of expression data in the form of in-
sertions or fusions of fluorescent proteins, or insertions of GAL4, un-
der the control of endogenous promoters. For GAL4 insertions, 
expression can be visualized in combination with upstream activa-
tion sequence (UAS)-fluorescent protein constructs. Fluorescent- 
tagged resources include the FLYtRAB resource (http://rablibrary. 
mpi-cbg.de/cgi-bin/rab_overview.pl), which displays expression 
data for yellow fluorescent protein (YFP) reporters knocked into en-
dogenous loci encoding 27 Drosophila members of the Rab GTPase 
protein family (Dunst et al. 2015). In addition, expression of 
fluorescent-tagged proteins is available for a number of MiMIC in-
sertion strains generated as part of the Drosophila Gene Disruption 
Project (GDP; Venken et al. 2011; Nagarkar-Jaiswal, DeLuca et al. 
2015; Nagarkar-Jaiswal, Lee et al. 2015). With regard to GAL4 

insertions, the GDP has generated insertions of T2A-GAL4 or 
Kozak-GAL4 generated by conversion of MiMIC or by clustered 
regularly interspaced short palindromic repeats 
(CRISPR)-mediated integration (Lee et al. 2018; Kanca et al. 2019;  
Kanca et al. 2022). Image data for GDP insertion strains can be ac-
cessed online by searching for a gene and then clicking on the hy-
perlinked text at “line” to view available images; for MiMIC fly 
stocks, start at the URL https://flypush.research.bcm.edu/pscreen/ 
rmce/ and for CRIMIC fly stocks, start at the URL https://flypush. 
research.bcm.edu/pscreen/crimic/crimic.php. Expression data 
from the GDP are particularly relevant for researchers interested 
to view expression in the third larval instar brain. 

As noted in Fig. 3, FlyBase provides access to 3 major RNA expres-
sion datasets of 2 types, namely, the modENCODE and FlyAtlas bulk 
RNAseq datasets, and the FlyCellAtlas single-cell RNAseq dataset. 
FlyBase also provides hyperlinks from Gene Report pages to other 
datasets, e.g. the BDGP in situ database (e.g. see “External Data 
and Images” in the “Expression Data” section) and displays compu-
tationally integrated RNAseq data covering multiple tissues and 
stages (e.g. at FlyBase JBrowse, choose an aggregated dataset at 
“Oliver lab SRA Aggregated RNA-Seq” in the “RNAseq” subsection 
of the “Expression” tracks; Hu Qian et al. 2023). However, no single 
database contains all of the available RNA expression and localiza-
tion data, so visiting more than one site might be necessary (Fig. 3,  
Table 2). It is also notable that some resources offer very different 
visualizations of the same datasets, including single-gene heat-
maps at several resources, multigene heatmaps at DGET (Hu, 
Comjean, Perrimon et al. 2017), topology-like “TopoView” visualiza-
tions along the genome in JBrowse at FlyBase (Gramates et al. 2022), 
coexpression networks at GeneMANIA (Franz et al. 2018), gene ex-
pression maps at FlyExpress (Kumar et al. 2017), and anatomy- 
based “Anatograms” at the EBI Single Cell Expression Atlas 
(Thakur et al. 2023). 

Step 1, part 3: finding phenotype information 
Accessing phenotype information 
FlyBase Gene Reports include a “phenotypes” section that lists cu-
rated in vivo phenotypes associated with the gene. For relatively 
uncharacterized genes, these are likely to be limited to informa-
tion about the viability and/or fertility of any available mutant al-
leles and results reported in large-scale RNAi screens. Most other 
meta-databases listed in Table 1 rely on FlyBase as a source for 
phenotype data. However, some only display selected subsets of 
the data from FlyBase, and some additional types of data, such 
as cell-based screen data, are not available at all sites. A search 
with CG33054 provides an instructive example of how phenotype 
information differs at different meta-databases. Partial results are 
shown in Fig. 4, and a full analysis is presented below. 

Example differences in phenotype data at different sites 
At FlyBase, CG33054 is associated with the phenotypes “partial le-
thal,” “some die at pupal stage,” “visible phenotype,” and “fertile” 
(Fig. 4a). Moreover, FlyBase provides detailed information about 
an anatomical phenotype (i.e. an effect on chaetae) and displays 
the fly stock reagents associated with the phenotype annotations. 
At the Alliance, only results from the mutant allele (insertion 
strain) are shown in the “phenotype” section, and 2 links are pro-
vided (Fig. 4b). One of these connects to the Gene Report for  
CG33054 at FlyBase, and the other connects to a record for 
CRISPR cell screen results displayed at BioGRID (Oughtred et al. 
2019), where we can see that CG33054 was not a “hit” (positive re-
sult) in a Drosophila cell-based screen for essential genes reported 

Table 1. Online resources that provide comprehensive summary 
information about Drosophila genes. 

Online resource URL  

Alliance (Gene Page) https://www.alliancegenome. 
org/ 

FlyBase (Gene Report) https://flybase.org/ 
FlyMine (Gene Page) https://www.flymine.org 
Gene2Function (Gene Search 

Results) 
https://www.gene2function.org/ 

search/ 
MARRVEL (“Model organism 

gene” search) 
https://marrvel.org/ 

Monarch (“Explore … genes”) https://monarchinitiative.org/ 
NCBI Gene (Gene Report) https://www.ncbi.nlm.nih.gov/ 

gene/ 
UniProt (“Find Your Protein” 

Results) 
https://www.uniprot.org/   
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by (Viswanatha et al. 2018). At FlyMine, phenotype information is 
listed at a gene page in the “Disease” section, with RNAi pheno-
types listed in a dedicated table. At G2F, in vivo phenotype infor-
mation is imported via InterMine for Drosophila and other 
species. In addition, the G2F results table for CG33054 includes a 
column “RNAi Cell Data” that shows that CG33054 was a hit in 
20 cell-based RNAi screens. Clicking on the hyperlinked number 
retrieves a list of the specific cell-based RNAi screens in which  
CG33054 was a hit. At MARRVEL, in the “phenotype” subsection 
of the “model organisms” section of the record for OARD1 (the hu-
man ortholog of CG33054), a summary visualization indicates that  
CG33054 is associated with phenotype(s) that affect growth, the 
nervous system, and the integument and 2 phenotypes in an 
“other” category (Fig. 4c). Clicking on the highlighted box at 

“nervous system” displays the term “chaeta” (along with a link 
to a definition of the term at FlyBase), and clicking on other high-
lighted boxes reveals more information and links to FlyBase. 
At Monarch, both the mutant allele and RNAi results from 
FlyBase are displayed (Fig. 4d). NCBI Gene does not include pheno-
type data but does have external links to Drosophila cell RNAi 
screen data at NCBI PubChem BioAssay (Wang, Cheng et al. 
2017; Kim et al. 2023). UniProt includes a “Phenotypes and 
Variants” subheader and displays phenotype information for 
well-characterized genes (e.g. wg and InR) but not for CG33054 
(as of access in August 2023). 

The meta-databases that include in vivo mutant phenotype 
data and/or RNAi phenotype data import the information from 
FlyBase. However, different databases import different subsets 

(a) (b) (c)

Fig. 3. Navigating information about RNA expression in Drosophila. a) Left-hand boxes, questions that can be addressed using RNA expression or 
localization data. b) Major public datasets. Center top boxes, bulk RNAseq datasets; center-middle boxes, single-cell or single-nucleus RNA-Seq datasets; 
center-bottom boxes, in situ hybridization datasets. Lines between boxes in a) and b) connect motivating questions with datasets that can help address 
the question. c) Right-hand boxes, databases at which the datasets shown in b) can be accessed. Lines between boxes in b) and c) connect datasets to 
meta-databases or specialized databases at which the datasets can be accessed. Note that representative images of in situ hybridization data are 
available at BDGP in situ, Fly-FISH, FlyExpress, and DOT, whereas FlyMine displays results in text form. Notably, additional expression information is 
available based on insertions of fluorescent proteins or GAL4 under endogenous control, e.g. as developed by the GDP. Figure made using OmniGraffle.   
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of the FlyBase data and present the data in different ways (Table 3,  
Fig. 4). In addition, G2F, Monarch, and MARRVEL display pheno-
type information for orthologs in humans and other model organ-
ism species alongside or nearby phenotype data for Drosophila. 
Moreover, although phenotype data curated by FlyBase are com-
prehensive with regard to the published literature, it does not in-
clude some large-scale in vivo and cell-based screen datasets that 
are available at other sites (see below and Table 3). 

Specialized resources for in vivo RNAi and CRISPR 
phenotype data 
Phenotype data from tissue-specific RNAi and CRISPR studies pre-
sent a special case, as datasets from studies based on use of the 
GAL4-UAS system (Brand and Perrimon 1993) are best viewed in 
context, i.e. with both the UAS-controlled reagent and the GAL4 
driver used in the study indicated. FlyBase displays RNAi pheno-
type data together with information about what GAL4 driver 
was used in the study (Fig. 4a, blue arrow). However, not all meta- 
databases that display FlyBase RNAi phenotype data make it obvi-
ous what GAL4 driver is associated with a given phenotype 
(Table 3). Although FlyBase curates small-scale, high-confidence 
RNAi phenotype results, e.g. as reported as part of the main text 
of a research report, FlyBase does not typically curate phenotype 
information from large-scale in vivo RNAi screen datasets, e.g. as 
reported as supplemental tables. However, data from large-scale 
in vivo RNAi screens, as well as some unpublished screens, have 
been curated and imported into the Transgenic RNAi Project 
(TRiP) RNAi Stock Validation and Phenotype (RSVP) Plus database 
(Perkins et al. 2015), which also includes curated RNAi phenotype 
data from FlyBase. At RSVP Plus, all available results for a given 
gene can be viewed by entering the CG number or other identifier 
and leaving “Any Driver” as the default in the “Drivers” field, or re-
sults can be limited to specific drivers. Notably, RSVP Plus includes 
UAS-RNAi fly stocks from all 3 major RNAi stock collections, the 
TRiP, Vienna Drosophila RNAi Center (VDRC), and NIG-Japan col-
lections. In addition, RSVP Plus includes results for CRISPR studies 
in which the GAL4-UAS system is used to either control expression 
of Cas9 (including modified forms of Cas9, such as dead Cas9 fu-
sions used for CRISPR activation) or control expression of 
sgRNA(s). Currently, there are much more phenotype data avail-
able for UAS-RNAi studies than for UAS-CRISPR system studies; 

however, the number of UAS-CRISPR system phenotype datasets 
is likely to increase in the future. 

Specialized resources for cell-based RNAi and CRISPR 
phenotype data 
Cell-based datasets are a complementary resource that provides 
phenotype data relevant to cellular function. Cell-based RNAi and 
CRISPR datasets are available from some meta-databases and 
from specialized databases (Table 3). The Drosophila RNAi 
Screening Center (DRSC) makes results from genome-wide arrayed 
RNAi screens in Drosophila cells done using DRSC reagent libraries 
searchable at multiple online tools, including Gene Lookup (Hu et 
al. 2021) and Updated Targets of RNAi Reagents (UP-TORR; Hu et 
al. 2013). In addition, as noted, cell RNAi screen data are included 
in outputs at the DRSC’s G2F resource. Moreover, a significant subset 
of DRSC Drosophila cell RNAi screen datasets is also available at NCBI 
PubChem BioAssay. DRSC screen datasets, datasets from screens 
supported by the Sheffield RNAi Screening Center or the DKFZ 
(Boutros lab), and other genome-wide Drosophila cell RNAi screen da-
tasets are searchable at GenomeRNAi (Schmidt et al. 2013). As men-
tioned previously, BioGRID has results from a genome-wide pooled 
CRISPR knockout screen in Drosophila cells (see Fig. 4b), and it is likely 
that more such data will be available in the near future. 

Step 1, part 4: finding relevant publications 
Although it is unlikely that a CG or another uncharacterized 
Drosophila gene is associated with an extensive published literature, 
it may still have some associated references. FlyBase associates fly 
genes with publications including “research reports,” “personal com-
munications to FlyBase,” and other types of publications and displays 
these in the “References” section of the corresponding FlyBase Gene 
Reports. Some, but not all, meta-databases shown in Table 1 also pro-
vide links to publications. Table 4 summarizes publication results re-
trieved with CG33054 from these online resources as well as results 
retrieved at the literature mining tool BioLitMine (Hu et al. 2020), the 
BioRxiv preprint server, NCBI PubMed and related sites, and Google 
Scholar. The FlyBase Gene Report for CG33054 lists 13 research papers 
associated with the gene and a total of 28 publications. At G2F, the ta-
ble of results includes a count of publications associated with the gene 
identifier that hyperlinks to retrieval of those publications at PubMed. 
Similarly, navigating to model organism results at MARRVEL links to a 

Table 2. Online resources that provide access to Drosophila RNA expression and localization datasets. 

Online resource Dataset(s) included URL  

BDBP in situ database BDGP in situ project data https://insitu.fruitfly.org/cgi-bin/ex/insitu. 
pl 

Drosophila Gene Expression 
Tool 

multiple bulk RNAseq datasets https://www.flyrnai.org/tools/dget/web/ 

Dresden Ovary Table (DOT) DOT project in situ data http://tomancak-srv1.mpi-cbg.de/DOT/ 
main 

DRscDB multiple scRNAseq datasets https://www.flyrnai.org/tools/single_cell/ 
web/ 

EBI Single Cell Expression 
Atlas 

multiple scRNAseq datasets https://www.ebi.ac.uk/gxa/sc/home 

FlyAtlas 2 FlyAtlas 2 bulk RNAseq data https://motif.mvls.gla.ac.uk/FlyAtlas2 
FlyBase multiple bulk RNAseq and scRNAseq datasets https://flybase.org/ 
FlyBase (JBrowse)a multiple bulk RNAseq and scRNAseq datasets, and an integrated 

RNAseq resource 
https://flybase.org/ 

FlyExpress database BDGP, Fly-FISH, and other in situ datasets http://www.flyexpress.net 
Fly-FISH database Fly-FISH in situ project data https://fly-fish.ccbr.utoronto.ca/ 
FlyMine multiple bulk RNAseq and in situ datasets https://www.flymine.org 
SCopE FlyCellAtlas and other scRNAseq datasets https://scope.aertslab.org/#/FlyCellAtlas/ 

*/welcome 

a Expression data are available in topological-like TopoView format at the JBrowse genome browser, which can be accessed from a FlyBase Gene Report.   
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set of publications at PubMed. Monarch cites specific research articles 
(publication “is about” the gene) and other sources, such as FlyBase re-
ports (“source” relationship to the gene). One reason the number of 
publications retrieved differs is that different resources apply differ-
ent filters for exclusion of papers that list large numbers of genes 
(e.g. full-genome sequence reports). 

Step 1, part 5: finding genetic interaction partners 
Genetic interactions can help develop informed hypotheses regard-
ing function based on a “guilt by association” model. Most meta- 
databases listed in Table 1 display genetic interactors on the gene 
report, gene page, or protein page: Alliance gene pages include a 
“Genetic Interactions” section; FlyBase gene reports include an 
“Summary of Genetic Interactions” in the “Interactions” section; 
FlyMine displays genetic interactions in a network visualization 
in an “Interactions” section, distinguishing physical and genetic in-
teractions by edge color; G2F displays a “count” of genetic interac-
tions that links to an information table; and both Monarch and 
UniProt include “interaction” sections that do not clearly distin-
guish physical from genetic interactions but link to source informa-
tion. In addition, most of the interaction-specific databases 
discussed below in the context of physical interactions include gen-
etic interactions. Once identified, interacting genes might be sub-
jected to the same information mining workflow (Fig. 2). 

Step 2: what is known about the Drosophila 
protein? 
Step 2, part 1: is the protein a member of a protein 
family? 
Some proteins, such as enzymes, can easily be recognized based on 
comparison of the primary amino acid sequence to the sequences 

of members of well-characterized protein families. At least 3 
related types of information can help ascertain if a protein is a 
member of a specific protein family: (1) GO annotations (in particu-
lar, GO “molecular function” annotations), (2) membership in an 
annotated group, such as a “Gene Group” annotated by FlyBase 
(Attrill et al. 2016; Rey et al. 2018) or a gene list annotated in the 
Gene List Annotation for Drosophila (GLAD) resource (Hu et al. 
2015), and (3) inclusion in a list of known or predicted members pro-
tein family as annotated by resources such as Pfam or Panther 
(Table 5). For CG33054, GO annotations, Gene Group membership, 
and other annotations consistently identify the corresponding pro-
tein as a protein with “ADP-ribosylglutamate hydrolase” activity. 
Some resources combine display of protein family membership 
with display of protein domains, which are discussed below. 

Step 2, part 2: does the protein contain conserved 
protein domains or other features? 
Whether or not they are members of a specific protein family, many 
proteins contain primary sequences, which, based on amino acid 
similarity, have been annotated as conserved protein domains of un-
known function (DUFs) or associated with specific biochemical func-
tions (e.g. kinase domains), interaction (e.g. WD40 domains), 
subcellular localization, or other features. Availability of conserved 
protein domain information at meta-databases and other online re-
sources is summarized in Table 6. As a supplement to identification 
of conserved protein domains, sequence analysis tools can be used 
to detect motifs such as secretion signals, membrane-spanning do-
mains, protein cleavage sites, and nuclear localization signals. 
Commonly used resources include the SignalP online resource 
(Teufel et al. 2022), Phobius (Kall et al. 2007), DeepTMHMM (Jeppe et 
al. 2022), ProP (Duckert et al. 2004), and NucPred (Brameier et al. 
2007; Table 7). In addition, iProteinDB (Hu et al. 2019) displays 

(a) (b)

(c) (d)

Fig. 4. Display of phenotype data for CG33054 at 4 meta-databases. a) FlyBase. Phenotype data are displayed on the Gene Report page for CG33054. FlyBase 
is the source for curated phenotype information displayed at most other sites. Note that RNAi phenotypes include “some die during pupal stages.” This is 
also displayed at MARRVEL and Monarch (blue arrows in a, c, and d). b) The Alliance. Only phenotypes associated with the mutant allele are shown 
(magenta box); the RNAi results are not shown. In addition to displaying a subset of FlyBase data, the Alliance also provides a link to cell-based CRISPR 
screen data at BioGRID. c) MARRVEL. Phenotype information for CG33054 and its orthologs is summarized. Clicking on a highlighted box in the grid 
retrieves more detailed phenotype information (blue arrow). d) Monarch. Both mutant allele (open boxes) and RNAi data (e.g. arrow) are included. Rows 
can be expanded to reveal source, as shown for the phenotype “some die ….” Phenotype information for orthologs is also available (inset at bottom: 22 
phenotypes are associated with orthologs of CG33054).   
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experimental phosphorylation site data from D. melanogaster and 
other Drosophila species, as well as other related information that 
can be used to identify or predict phosphorylation sites on D. 

melanogaster proteins. iProteinDB also includes information about 
posttranslational modifications such as acetylation, oxidation, and 
carbamidomethylation, although available data for these modifica-
tions are much more limited as compared with phosphorylation data. 

Step 2, part 3: what is known about abundance of 
the protein in specific developmental stages or in 
specific tissues or organs? 
Protein abundance data are available for a limited subset of Drosophila 
proteins. Protein detection information curated from the literature by 
FlyBase is included in the “Polypeptide expression” subsection of the 
“Expression” section of a gene report, e.g. based on immunolocaliza-
tion studies, and includes links to published sources. With regard to 
protein abundance specifically, FlyBase displays data from a 
large-scale developmental proteome study (Casas-Vila et al. 2017) in 
the “High-Throughput Expression” subsection of the “Expression” sec-
tion of a gene report. As of June 2023, we were unable to identify any 
other meta-databases that include protein abundance data. 

Step 2, part 4: what is the predicted structure of 
the protein? 
Viewing or analyzing 3D structures can provide insights into bio-
chemical function, subcellular localization, and other features of 
a protein. Table 8 summarizes resources that display protein struc-
tures, including experimentally determined structures in the 
Protein Data Bank (PDB; Bittrich et al. 2023), and/or structures pre-
dicted using increasingly sophisticated approaches, including the 
proteome-wide predictions made using the AlphaFold approach 
(Jumper et al. 2021) or the ESM Fold approach (Lin et al. 2023). In 

Table 3. Online resources that provide access to Drosophila phenotype information. 

Online resource 
[dataset(s)] Phenotype information source URL  

Drosophila in vivo mutant phenotypes  
Alliance FlyBase curation (mutant allele phenotypes) https://www.alliancegenome.org/  
FlyBase FlyBase curation https://flybase.org/  
Monarch FlyBase curation https://monarchinitiative.org/ 

Drosophila in vivo RNAi phenotypes  
FlyBase FlyBase curation (includes GAL4 driver info) https://flybase.org/  
FlyMine (at 
“Disease”) 

FlyBase curation https://www.flymine.org 

G2F “Disruption phenotype” from UniProt https://www.gene2function.org  
MARRVEL FlyBase curation https://marrvel.org/  
Monarch FlyBase curation https://monarchinitiative.org/  
RSVP Plus FlyBase curation (RNAi phenotypes), TRiP-curated screen datasets, user 

submissions (includes GAL4 driver) 
https://www.flyrnai.org/cgi-bin/RSVP_ 

search.pl 

Cell-based RNAi screen phenotypes  
DRSC Gene Lookup Genome-wide cell RNAi screen data (DRSC) https://www.flyrnai.org/cgi-bin/DRSC_ 

gene_lookup.pl  
G2F Cell RNAi screen data (DKFZ, DRSC, and other sources from 

GenomeRNAi) 
https://www.gene2function.org  

GenomeRNAi Cell RNAi screen data (DRSC, DKFZ, and other sources) http://www.genomernai.org/  
NCBI PubChem 
BioAssaya 

Cell RNAi screen data (DRSC) https://pubchem.ncbi.nlm.nih.gov/  

UP-TORR Genome-wide cell RNAi data (DRSC) https://www.flyrnai.org/up-torr 

Cell-based CRISPR knockout screen phenotypes  
G2F Cell CRISPR screen data (DKFZ, DRSC, and other sources from 

GenomeCRISPR) 
https://www.gene2function.org  

GenomeCRISPR Cell CRISPR screen data http://genomecrispr.dkfz.de/  
BioGRID CRISPR cell screen data https://thebiogrid.org/ 

Additionally displays phenotypes associated with genes from other species  
G2F OMIM and InterMine APIs https://www.gene2function.org  
MARRVEL OMIM and model organism databases (MODs) https://marrvel.org/  
Monarch OMIM and MODs https://monarchinitiative.org/ 

a A search for “DRSC” at the PubChem “Explore Chemistry” main page retrieves the DRSC as a data source and displays a list of 48 “BioAssays” (screens) associated 
with ∼39,000 DRSC “Substances” (double-stranded RNA reagents).  

Table 4. Example search results: publications associated with 
CG33054 at selected databases and search tools. 

Online resource Publication results retrieved  

Gene or protein info databases  
Alliance N/A  
FlyMine N/A  
FlyBase List of 28 publications, including 13 

research papers  
G2F Link to 29 PubMed records  
MARRVEL Link to 29 PubMed records  
Monarch List of 30 publications, including 25 

research papers  
NCBI Gene Link to 29 PubMed records  
UniProt N/A 

Publication search sites  
BioLitMine (literature 
mining tool) 

List of 27 PubMed records associated with 
16 medical subject heading (MeSH) 
terms, with hyperlinks  

BioRxiv (preprint 
server) 

1 (a “now published” preprint)  

NCBI PubMed 0 (“term not found”)  
NCBI PubMed Central 2 PMC records  
Europe PMC 2 PMC records  
Google Scholar 9 publications, including 5 research papers 

Search results reported above are those obtained on a single day in June 2023 
using “CG33054” as the search term. 
N/A, not applicable (these resources do not include publication or reference 
sections on gene/protein pages).   
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addition, partial structures for large proteins or other new predic-
tions can be done using the Google Colab notebook ColabFold 
(Mirdita et al. 2022) or RoseTTAFold (Baek et al. 2021). This is a rap-
idly developing area. One place to go to find updated Google note-
books supporting protein structure prediction algorithms is this 
GitHub page: https://github.com/sokrypton/ColabFold. 

Step 2, part 5: what is the known or predicted 
subcellular localization of the protein? 
Similar to protein abundance data, subcellular localization data are 
also available for only a limited subset of Drosophila proteins. In some 
cases, however, subcellular localization can be predicted based on 
features of the protein, e.g. signal sequences or membrane-spanning 
domains, and/or based on the subcellular localization of related pro-
teins in other species. An indirect source of known or predicted infor-
mation regarding subcellular localization is GO “cellular component” 
(GO-CC) annotations, which are available at most of the major meta- 
databases that include Drosophila information (Table 1). In addition, 
some meta-databases include additional information relevant to 

known or predicted subcellular information, such as relevant GO 
terms, and the DeepLoc online resource can be used to predict sub-
cellular localization (Thumuluri et al. 2022; Table 9). 

Step 2, part 6: does the uncharacterized protein 
interact with other proteins? 
Identifying physical interactions between an uncharacterized pro-
tein and other proteins can help provide insights into function. 
For example, if available evidence suggests that an uncharacterized 
protein interacts with proteins in a given pathway or complex, you 
might hypothesize that the protein is a component or regulator of 
that pathway or complex. Physical interactions have been experi-
mentally detected in low- or high-throughput modes using meth-
ods such as co-immunoprecipitation, mass spectrometry (MS), 
and yeast 2-hybrid screening (Y2H). Large-scale, high-throughput 
datasets include the Curagen Y2H dataset (Giot et al. 2003), the 
FlyBi Y2H dataset (Tang et al. 2023), additional Y2H datasets in-
cluded in DroID (Yu et al. 2008; Murali et al. 2011), and the 
Drosophila Protein interaction Map (DPiM) MS dataset 

Table 6. Accessing protein domain annotations for Drosophila proteins. 

Online resource Content and navigation tips URL  

Search by gene symbol or CG number  
FlyBase Domain annotations from Pfam and SMART, accessible in the “Gene Model & 

Transcripts” section of a gene report 
https://flybase.org/  

FlyMine Domain annotations from multiple resources, accessible from the “Gene → Protein  
+ Domains” subsection of the “Protein” section of a gene page 

https://www.flymine.org  

DIOPT DIOPT search results include a link to an alignment page that includes protein 
domain annotations 

https://www.flyrnai.org/diopt 

G2F Domain annotations, accessible from the links in the “Protein Alignment” column of 
a search results table 

https://www.gene2function.org  

GeneMANIA Network view of proteins with shared protein domains from Pfam and Interpro https://genemania.org  
NCBI Gene “Relevant information” links include a link to relevant “conserved domains” at NCBI 

CDD 
https://www.ncbi.nlm.nih.gov/gene  

UniProt Results from multiple protein domain annotations (“Family & Domains” section of a 
protein page), also includes annotation of predicted signal sequences, 
propeptides, and posttranslational modifications (“PTM/Processing” section of a 
protein page) 

https://www.uniprot.org/ 

Search by amino acid sequence  
HMMER Hidden Markov Model-based search for domains, with a protein sequence as the 

input 
https://www.ebi.ac.uk/Tools/ 

hmmer/  
NCBI CDD Domain annotations in the NCBI Conserved Domains Database (CDD), with an 

option to view results in concise, standard, or full mode 
https://www.ncbi.nlm.nih.gov/ 

Structure/cdd/wrpsb.cgi  
ProScan Domain annotations (motifs) from PROSITE https://prosite.expasy.org/  

Table 5. Accessing protein function and family annotations for Drosophila proteins. 

Online 
resource Provides URL  

Search by gene symbol or CG number  
Alliance GO annotations (“Function—GO annotations” section of a gene page) https://www.alliancegenome.org  
FlyBase Gene Group membership and GO annotations (“Function” section of a gene report) https://flybase.org/  
FlyMine GO annotations (“Gene Ontology” section of a gene page) https://www.flymine.org  
G2F GO annotations (“GO Function Count” links to a table of terms and other information) https://www.gene2function.org  
GLAD Gene list annotations (“find group membership” search) https://www.flyrnai.org/tools/ 

glad/web/  
MARRVEL GO annotations (for the fly protein and orthologs; “Gene Ontology” subsection of “Model 

Organisms” section of the corresponding human ortholog page) 
https://marrvel.org  

Monarch GO annotations (“function” section of a gene page, “relation” is “enables”) https://monarchinitiative.org  
NCBI Gene GO annotations (“General gene information” section)    
UniProt GO annotations (“Function” section of a protein page) and results from multiple protein family 

annotations (“Family & Domains” section of a protein page) 
https://www.uniprot.org/ 

Search by amino acid sequence  
InterPro Protein family annotations from Pfam (search with amino acid sequence) https://www.ebi.ac.uk/ 

interpro/   
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(Guruharsha et al. 2011). Online resources that provide access to 
protein–protein interaction (PPI) and protein complex information 
are listed in Table 10. They include meta-databases already dis-
cussed as well as specialized resources, such as COMPLEAT 
(Vinayagam et al. 2013), the EBI Complex Portal (Meldal et al. 
2015, 2022), the Database of Interacting Proteins (DIP; Xenarios 
et al. 2000), the Drosophila Interactions Database (DroID; Yu et 
al. 2008; Murali et al. 2011), the EBI IntAct database (Kerrien et al. 
2012), the Molecular Interaction Search Tool (MIST; Hu et al. 
2018), and STRING (Szklarczyk et al. 2023). MIST includes “intero-
logs” or predicted PPIs based on interactions among related pro-
teins in other species. In addition, several of the resources 
include an option to view genetic interactions as well as PPIs. 

Step 3: are there paralogs or orthologs of the 
Drosophila gene and if so, what is known 
about them? 
Step 3, part 1: are there high-confidence paralogs 
or orthologs of the gene? 
For CG genes or other relatively uncharacterized genes for which 
there are paralogs (closely related genes within Drosophila) and/ 
or orthologs (closely related genes in another species), 

information about the function of those paralogs/orthologs can 
be used to develop hypotheses about the function of the unchar-
acterized gene. Conservation of a Drosophila gene in the human 
genome is often used as a filter for prioritization, with genes con-
served in humans given higher priority than those that are not, 
e.g. when the overall goal of a study is to inform understanding 
about some aspect of human health or disease. Many algorithms 
and approaches have been developed to identify putative para-
logs and orthologs, a goal that is similar to but distinct from iden-
tification of protein family membership and protein domains 
(Table 6). For information mining, it can be appropriate to “cast 
a wide net” and find all potential paralogs or orthologs. By con-
trast, with other goals in mind, such as modeling of human 
gene variants, it can be more appropriate to focus on the highest 
confidence predictions. 

Overview of paralog and ortholog resources 
The DRSC Integrative Ortholog Prediction Tool (DIOPT; Hu et al. 
2011) integrates ortholog predictions from several algorithms 
and curated databases and provides a comprehensive view of 
predicted ortholog relationships between Drosophila genes and 
genes in humans or common model organisms (Table 11). 
DIOPT results include a “voting system” score based on the num-
ber of algorithms that predict a given paralog or ortholog relation-
ship, and this score serves as a useful proxy for confidence. 
Paralog and ortholog relationships integrated by DIOPT can be 
searched and viewed at the DIOPT portal. DIOPT is also the source 
of ortholog and/or paralog information at many other resources, 
including at the Alliance (subset of DIOPT ortholog results), 
FlyBase (DIOPT-based orthologs and paralogs), G2F (DIOPT-based 
ortholog and paralog pairs), GuideXpress (DIOPT-based 
mosquito-Drosophila ortholog mapping; Viswanatha et al. 2021), 
Paralog Explorer (DIOPT-based paralogs; Hu et al. 2022), and 
MARRVEL (DIOPT-based mapping to human genes; Table 11). 
Advantages of using the DIOPT online portal directly are that 
you can easily search more than one gene at a time and download 
results as a tab-delimited table and that updated versions of the 
resource become immediately available, whereas other re-
sources reliant on DIOPT may have a delay before the updated 
version is integrated. Advantages of other meta-databases that 
display DIOPT-based orthologs include concurrent display of 
other information (e.g. information included at FlyBase gene 

Table 7. Example resources for prediction of specific protein 
features. 

Resource Useful to predict URL  

DeepTMHMM Membrane topology https://dtu.biolib.com/ 
DeepTMHMM 

iProteinDB Phosphorylation sites, 
other PTMs 

https://www.flyrnai.org/ 
tools/iproteindb/web/ 

NucPred Nuclear localization 
signal sequences 

https://nucpred.bioinfo. 
se/cgi-bin/single.cgi 

Phobius Membrane topology 
and signal peptides 

https://phobius.sbc.su. 
se/ 

ProP Furin cleavage sites https://services. 
healthtech.dtu.dk/ 
services/ProP-1.0/ 

SignalP Signal peptides https://services. 
healthtech.dtu.dk/ 
services/SignalP-6.0/ 

PTMs, posttranslational modifications.  

Table 8. Accessing experimentally derived protein structures and structure predictions. 

Source Navigation path URL  

Experimentally derived structures from PDB  
FlyMine Search>Proteins>Protein Visualizer https://www.flymine.org  
G2F Search by Gene>click result in “3D Structure” column https://www.gene2function.org  
RCSB PDB Search>Use “refinements” to filter by species https://www.rcsb.org/ 

Structure predictions from AlphaFold  
EBI AlphaFold Structure 
Prediction Database 

Search>Use “filter” to filter by species https://alphafold.ebi.ac.uk/  

FlyBase Gene report>Gene Model and Products>Structure https://flybase.org/  
SWISS-MODEL Click fly icon at home>Search>Click ID in UniProtKB 

column>Click AlphaFold ID at “Available Structures” 
https://swissmodel.expasy.org/  

UniProt Protein page>Structure https://www.uniprot.org 

Other structure predictions  
ColabFold Generate a new prediction from a protein sequence https://colab.research.google.com/github/ 

sokrypton/ColabFold/blob/main/AlphaFold2. 
ipynb  

RoseTTAFold at Robettaa Click Submit from Structure Prediction https://robetta.bakerlab.org/submit.php  
SWISS-MODEL Click fly icon at home>Search with gene name https://swissmodel.expasy.org/  
ESM Fold Sequence Generate a new prediction from a protein sequence https://esmatlas.com/resources?action=fold 

a Requires users to register.   
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reports or G2F results tables) and a focus on human orthologs 
(e.g. at MARRVEL). Orthologs are displayed in the “Homolog” sec-
tion of Monarch gene pages and are also indicated in the 
“Ortholog phenotype” and “Ortholog Disease” sections of these 

pages; the primary source of ortholog relationships for Drosophila 
genes at Monarch appears to be a single source, the Protein 
Analysis THrough Evolutionary Relationships (PANTHER) resource 

(Thomas et al. 2022). UniProt groups both paralog and ortholog pre-
dictions in a “Similar Proteins” section that allows users to view and 
filter results, such as by percent amino acid identity. 

Structure-based ortholog predictions 
Some proteins have low or modest similarity at the primary amino 
acid level but have more striking similarity at the level of 3D struc-
ture, which is suggestive of shared function. Through advances in 
artificial intelligence (AI) and its application to protein structure pre-
dictions, it is now possible to compare one predicted protein structure 
with others using Foldseek (van Kempen et al. 2023). At Foldseek, a 
UniProt ID corresponding to an AlphaFold structure prediction for 
an uncharacterized Drosophila protein can be used as a query to 
look for similar proteins in other model species and/or humans. 

Table 9. Accessing information about known or predicted subcellular localization of Drosophila proteins. 

Online 
resource Provides URL  

Alliance “Function-GO Annotations” includes GO Cellular Component (GO-CC) annotations in 
ribbon diagram form 

https://www.alliancegenome.org/ 

FlyBase “Cellular Component” subsection in the “Gene Ontology” subsection of the “Function” 
section; “immunolocalization” dataa in the “Polypeptide Expression” subsection of 
the “Expression” section of a gene report 

https://flybase.org/ 

DeepLoc Prediction of subcellular localization for a given protein sequence https://services.healthtech.dtu.dk/ 
services/DeepLoc-2.0/ 

G2F Count of “Cellular Component” GO terms included in gene search results links to 
associated GO-CC terms 

https://www.gene2function.org/ 
search/ 

MARRVEL “Gene Ontology” subsection of “Model Organisms” information on a human gene page 
includes GO-CC terms 

https://marrvel.org/ 

NCBI Gene “Gene Ontology” subsection of “General Gene Information” section on a gene page 
includes GO-CC terms 

https://www.ncbi.nlm.nih.gov/gene/ 

UniProt “GO Annotations” subsection of a protein page includes GO-CC in ribbon and text 
displays and links to full annotations at QuickGO (Binns et al. 2009); when available, 
a cell diagram is highlighted to display subcellular localization information 

https://www.uniprot.org/ 

a Immunolocalization data annotations are primarily focused on the anatomical distribution of proteins but might include information about subcellular or 
extracellular localization.  

Table 10. Accessing information about high-confidence, low-confidence, and/or predicted Drosophila PPIs. 

Online 
resource Content and navigation tips URL  

Alliance Table of interactions in the “Molecular Interactions” section of a gene page https://www.alliancegenome. 
org/ 

BioGRID Table of interactions from a “Search BioGRID” search with a CG number or other identifier 
and “Drosophila melanogaster” indicated as the species 

https://thebiogrid.org/ 

COMPLEAT At the “Browse/Download” menu tab, a gene name and species search will retrieve 
complex membership 

https://www.flyrnai.org/ 
compleat/ 

Complex 
Portal 

List of complexes that include the protein, following a search with the CG number or other 
identifier 

https://www.ebi.ac.uk/ 
complexportal/home 

DIP List of interactions from a “Node” search using a CG number or other identifier in a “Node 
Identifier” 

http://dip.doe-mbi.ucla.edu 

DroID Table of interactions from a DroID Search followed by clicking “Display Interactions” http://droidb.org 
FlyBase Network display and table of PPIs in the “Interactions” section of a gene report, including 

type of assay and curated literature source for each PPI 
https://flybase.org/ 

FlyMine Table of interactions and network display in the “Interactions” section of a gene page https://www.flymine.org 
G2F Count of interactions that links to a table of interactions, including database source for 

each PPI 
https://www.gene2function.org/ 

search/ 
GeneMANIA Network diagram of interactions with links to sources (choose Drosophila on the 

drop-down list left of search) 
https://genemania.org 

IntAct Network diagram and table of interactions from the results of a “Quick Search” https://www.ebi.ac.uk/intact/ 
home 

MIST Network view and table of interactors from a search with CG number or other identifier; 
search options include “fly” (comprehensive search) and “DroRI” (high-confidence PPI 
search) 

https://fgrtools.hms.harvard. 
edu/MIST/ 

Monarch Table of interactions, expandable to view of details such as type of evidence and source https://monarchinitiative.org/ 
NCBI Gene Table of interactions in “Interactions” section of a gene page, including database source 

and type of evidence (“description”) for each PPI 
https://www.ncbi.nlm.nih.gov/ 

gene/ 
STRING Network view and table of interactions from a search with a CG number or other identifier 

as “Protein name” and “Drosophila melanogaster” as species 
https://string-db.org 

UniProt “Interactions” subsection of a protein page includes “Subunit” information if the protein is 
a subunit of a complex; table of binary interactions from IntAct; links to 
meta-databases of PPI information 

https://www.uniprot.org/   
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Viewing protein alignments 
Because many paralog and ortholog pairs are based on computa-
tional predictions, it is important to examine these relationships 
closely. In some cases, the similarity between the 2 proteins is lim-
ited to only a specific protein domain; in other cases, the similarity 
extends across the full length of the protein and/or includes a 
similar organization of multiple annotated protein domains. At 
the DIOPT portal, search results include links to pages that display 
an alignment of the 2 amino acid sequences and annotated do-
mains present in each protein in the pair, allowing for a detailed 
look at amino acid identity and overall similarity. Some other re-
sources link to alignments at DIOPT or provide their own align-
ments of proteins in a pair. NCBI BLAST can also be used to 
align and compare 2 amino acid sequences (e.g. the “align two 
or more sequences” option in the “blastp” suite). 

Identifying orthologs in nonmodel species 
For some studies, prioritization and/or planning of further experi-
ments can be dependent or at least partially reliant on the identifi-
cation of orthologs in nonmodel species, e.g. in other flies in the 
Drosophila genus or in mosquitos. DIOPT, and by extension some 
resources based on DIOPT, include a limited but growing number 
of nonmodel species, including mosquitos. In addition, FlyBase 
gene reports not only display orthologs for species covered by 
DIOPT but also display ortholog predictions from OrthoDB 
(Kuznetsov et al. 2023) for other species in the Drosophila genus 
and many other species (Table 11). Another place to view nonmodel 
species ortholog relationships is VectorBase (Giraldo-Calderon et al. 
2022), which provides access to ortholog mapping from orthoMCL 
(Li et al. 2003) between D. melanogaster and several disease vector in-
sect species (at section 7, “Orthology and Synteny,” on gene pages 
for D. melanogaster genes, as can be accessed in a general search 
at VectorBase with a CG number or other identifier; Table 11). 

Step 3, part 2: how do I mine information about 
paralogs or orthologs? 
When a paralog exists within the Drosophila genome, information 
about the gene and its corresponding protein can be mined follow-
ing workflow Steps 1 and 2 (Fig. 2). Moreover, when one or more 
orthologs exist in another model organism species or the human 
genome, a similar path to identifying available information can 
again be followed. At the Alliance, gene pages for other species 
are organized as they are for Drosophila. Likewise, at VectorBase 
(Giraldo-Calderon et al. 2022), the results of an ortholog search 
are linked to similar gene pages for orthologous genes in disease 
vector species. At G2F, MARRVEL, and Monarch, summary infor-
mation and external links to information about model species 
and human orthologs are displayed alongside ortholog search re-
sults and/or Drosophila gene pages. In addition, DIOPT results ta-
bles provide links to results at G2F. Thus, at G2F, MARRVEL, and 
Monarch, users can quickly view gene names, GO annotations, 

Table 11. Accessing Drosophila paralog and ortholog predictions. 

Resource Navigation path URL  

Predicted paralogs  
Paralog 
Explorer 

Paralog Explorer>Select Species ID: Fly https://www.flyrnai.org/tools/ 
paralogs/web/  

DIOPT DIOPT>Search Type: Paralogs https://www.flyrnai.org/diopt  
FlyBase FlyBase>Gene Page>Paralogs (from DIOPT) https://flybase.org/ 

Predicted orthologs in humans and common model organisms  
Alliance Alliance>Gene Page>Orthology (subset of DIOPT) https://www.alliancegenome.org/  
DIOPT DIOPT>Search Type: Orthologs (option to view alignment) https://www.flyrnai.org/diopt  
FlyBase FlyBase>Gene Page>Orthologs (from DIOPT) https://flybase.org/  
UniProt UniProt>Protein Page>Similar Proteins https://www.uniprot.org 

Predicted orthologs in other species  
FlyBase FlyBase>Gene Page>Orthologs>Other Organism Orthologs (from OrthoDB; many 

nonmodel species) 
https://flybase.org/  

FlyMine FlyMine>Gene Page>Homology https://www.flymine.org  
OrthoDB OrthoDB>“Get Gene” search option https://www.orthodb.org/  
DIOPT DIOPT>Search type: Orthologs and select species “Drosophila” and “Anopheles” 

(Anopheles) 
https://www.flyrnai.org/diopt  

GuideXpress GuideXpress>Search type:Ortholog search, fly to mosquito (Anopheles, Aedes, Culex) https://www.flyrnai.org/tools/ 
fly2mosquito/web/  

UniProt UniProt>Protein Page>“Similar Proteins,” with an option to filter based on percent 
identity 

https://www.uniprot.org  

VectorBase VectorBase>Gene Page>“Orthology and Synteny,” with an option to view an alignment 
(disease vector mosquitos, tsetse fly, other invertebrate vectors) 

https://vectorbase.org/ 
vectorbase/app/ 

Structure-based searches  
Foldseek A PDB or AlphaFold accession ID can be used as an input structure to identify similar 

predicted structures 
https://search.foldseek.com/ 

search  

Table 12. Accessing information about human disease 
associations for human orthologs of Drosophila genes. 

Resource Navigation path URL  

Alliance Home>Gene 
page>“Disease 
Associations” 

https://www. 
alliancegenome.org 

FlyBase Home>Gene 
report>“Human Disease 
Associations” 

https://flybase.org/ 

G2F Home>Search by gene 
(Fly)>“Human disease 
count” 

https://www. 
gene2function.org/ 
search/ 

MARRVEL Home>Search (Model 
organism gene) 
>“MARRVEL it” 

https://marrvel.org/ 

ModelMatcher Home>Search by gene 
(fruit fly) 

https://www. 
modelmatcher.net/ 

Monarch Home>Search>Gene 
page>“Ortholog 
Disease” 

https:// 
monarchinitiative. 
org   
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phenotype data, and other information for orthologs of a 
Drosophila gene in other common genetic model organisms. 

Step 3, part 3: if the gene has human orthologs, 
how do I find disease-related information? 
When a human ortholog or orthologs are identified, a likely next 
question is to ask if the human ortholog or orthologs are asso-
ciated with human diseases. A subset of meta-databases and 

some specialized resources connect fly genes to disease-relevant 
information (Table 12). FlyBase associates genes with diseases in 
2 ways. First, gene reports include “human disease association” 
sections that associate mutant alleles with standardized terms 
known as Disease Ontology (DO) terms (Schriml et al. 2019). 
Second, FlyBase has disease-centric pages that include the lists 
of relevant Drosophila genes and links to human disease-centric 
databases such as Online Inheritance in Man (OMIM; Amberger 
et al. 2015). G2F summarizes the number of disease terms asso-
ciated with human orthologs, which links to the terms them-
selves; links to information about drugs or other compounds 
known to target the human protein, as annotated by DrugBank 
(Wishart et al. 2018); and links to the corresponding page at 
MARRVEL. The MARRVEL resource itself is organized around hu-
man orthologs and provides access to information about disease 
associations and variants based on multiple sources, namely, 
OMIM (Amberger et al. 2019), ClinVar (Landrum et al. 2020), 
Geno2MP (https://geno2mp.gs.washington.edu), and DECIPHER 
(Foreman et al. 2023). Monarch is organized around phenotypes 
and likewise provides information relevant to human diseases. 
Drosophila researchers and others can also search and/or register 
at ModelMatcher (Harnish et al. 2022) with the goal of making 
new connections to persons interested in the human ortholog of 
a Drosophila gene, e.g. clinicians investigating a potential 
disease-associated variant of the human gene. 

Step 4: are there relevant fly stocks or other 
physical reagents available? 
Once a relatively uncharacterized gene has been prioritized for 
further experimental study, a next step will be to identify existing 
relevant fly stocks and other physical reagents. Table 13 sum-
marizes questions that might motivate a search for in vivo re-
sources and the types of fly stock reagents that can help address 

Table 14. Accessing fly stocks and other physical reagents. 

Resource Navigation path URL  

Fly stocks—loss- or reduction-of-function (not necessarily validated)  
BDSC Home>Browse Stocks>RNAi https://bdsc.indiana.edu/ 

index.html  
DRSC/TRiP gRNA 
database 

Home>Search by “FBgn, gene symbol, or CG annotation” (look for “TRiP-KO” stocks) https://www.flyrnai.org/tools/ 
grna_tracker/web/  

FlyBase Home>Gene Report>Alleles, Insertions, Transgenic Constructs, and 
Aberrations>Classical and Insertion Alleles 

https://flybase.org/  

FlyBase Home>Gene Report>Alleles, Insertions, Transgenic Constructs, and 
Aberrations>Transgenic Constructs 

https://flybase.org/  

Gene Disruption 
Project (GDP) 

Home>Search with a gene name https://flypush.research.bcm. 
edu/pscreen/  

RSVP Plus Home>Search by gene symbol, all drivers>Detail page (click any ID in the “Detail 
page” column in the search results table) 

https://www.flyrnai.org/cgi- 
bin/RSVP_search.pl  

UP-TORR Home>at Input Options-Gene, check “TRiP” “NIG” and “VDRC”, enter gene, search https://www.flyrnai.org/up- 
torr/ 

Fly stocks—overexpression or upregulation (not necessarily validated)  
BDSC BDSC>Browse Stocks>UAS>UAS lines (non-RNAi)>All https://bdsc.indiana.edu/ 

index.html  
DRSC/TRiP gRNA 
database 

Home>Search by “FBgn, gene symbol, or CG annotation” (look for “TRiP-OE” stocks) https://www.flyrnai.org/tools/ 
grna_tracker/web/  

FlyBase Home>Gene Report>Alleles, Insertions, Transgenic Constructs, and 
Aberrations>Transgenic Constructs (look for “TOE” or “UAS-gene”) 

https://flybase.org/ 

ORF clones, cDNAs, and plasmid vectors  
Addgene Home>Search (e.g. with “Drosophila” as search term) https://www.addgene.org/  
DGRC Home>Search all>click “Dros genes” (for ORFs) or browse at “clones” or “vectors” lists https://dgrc.bio.indiana.edu/ 

Home  
DNASU Home>Search (e.g. with “Drosophila” as search term, or click on “collections” or 

“browse by species”) 
https://dnasu.org/DNASU/ 

Home.do  

Table 13. Questions that motivate common experiments and 
corresponding fly stock reagents. 

Question Relevant in vivo reagents  

What is the whole-animal 
loss-of-function 
phenotype? 

• Loss-of-function mutant allele 
(e.g. null allele) 

• UAS-RNAi + ubiquitous-GAL4 
• UAS-CRISPR system +  

ubiquitous-GAL4 
What is the stage- and/or 

tissue-specific 
loss-of-function 
phenotype? 

• UAS-RNAi + stage- and/or 
tissue-specific GAL4 (±  
GAL80ts) 

• UAS-CRISPR system + stage- 
and/or tissue-specific GAL4 (±  
GAL80ts) 

In what stages, tissues, or cell 
types is the gene expressed? 

• “Gold” type MiMIC insertion 
with T2AGAL4 +  
UAS-fluorescent reporter 

• CRISPR knock-in T2AGAL4 
allele + UAS-fluorescent 
reporter 

In what stages, tissues, or cell 
types is the protein 
expressed? 

• CRISPR knock-in NanoTag 
allele + NanoTag Chromobody 

• CRISPR knock-in NanoTag or 
other epitope tag allele +  
Antibody 

• Protein-specific antibody 
Is function cell autonomous 

or noncell autonomous? 
• Mutant allele on an FRT 

chromosome + heat shock-FLP   
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the questions. This includes access to UAS-RNAi fly stocks; 
UAS-CRISPR system fly stocks, e.g. single guide RNA (sgRNA) fly 
stocks for CRISPR knockout or CRISPR activation (CRISPRa); and 
other relevant fly stocks for loss- or gain-of-function studies. 
Open reading frame (ORF) clones, cDNAs, empty vectors, and 
other plasmids can be identified in searches at FlyBase, NCBI, 
and the Berkeley Drosophila Genome Project (BDGP; https:// 
www.fruitfly.org/) and can be requested directly from repositories 
including Addgene, the Drosophila Genomics Resource Center 
(DGRC), and DNASU (Table 14). The versatile GDP collection of 
fly stocks can be queried at the GDP Search Page (https:// 
flypush.research.bcm.edu/pscreen/); this page also links to an 
interface that can be used to search the subset of GDP fly stocks 
that are MiMIC insertions useful for recombination-mediated cas-
sette exchange (RMCE; Venken et al. 2011; Nagarkar-Jaiswal, 
DeLuca et al. 2015; Nagarkar-Jaiswal, Lee et al. 2015). At the 
“browse stocks” page at the Bloomington Drosophila Stock 
Center (BDSC; https://bdsc.indiana.edu/stocks/index.html), it is 
possible to both get a sense of the types of fly stocks available 
and access full lists of stocks of a given type (RNAi, CRISPR, dele-
tion, etc.). We also want to reiterate that previous reviews of re-
sources available to the Drosophila research community include 
(Mohr et al. 2014) and (Mohr et al. 2021). When the best option is 
to create a new fly stock or other type of reagent, researchers 
can turn to available sets of precomputed designs, e.g. for 
CRISPR sgRNAs or qPCR primer pairs (Table 15). A main consider-
ation prior to using a precomputed resource of reagent designs 
should be to determine which FlyBase, NCBI, or other genome an-
notation was used by the developers of the design tool. Last, we re-
iterate that the FlyBase instance of JBrowse provides a visual 
annotation, organized by genomic region, of fly stock resources, 
precomputed reagent designs, and more, as noted at the FlyBase 
JBrowse wiki page (https://wiki.flybase.org/wiki/FlyBase:JBrowse_ 
Tracks). 

Concluding comments 
Information common to subsets of genes or 
proteins 
We have primarily focused on meta-databases and resources rele-
vant to all Drosophila genes. For some specific types of proteins, 
such as transcription factors or kinases, mining information in 
specialized resources can be relevant and useful. Examples in-
clude mining of cis-regulatory modules or transcription factor 

binding sites at RedFly (http://redfly.ccr.buffalo.edu/; Keranen et 
al. 2022) or mining of kinase-substrate predictions at iProteinDB 
(https://www.flyrnai.org/tools/iproteindb/web/; Hu et al. 2019).  
Table 16 provides URLs for webpages that list multiple online re-
sources useful to Drosophila researchers. These include the lists 
of available online resources within a group, namely, summary 
pages at the DRSC, EBI, and NCBI. They also include lists of online 
resources from many groups, as curated by the Alliance or by 
FlyBase. In addition, gene- or protein-focused pages at the meta- 
databases listed in Table 1 typically include external links rele-
vant to specific types of genes or proteins. Mining additional data-
bases can lead to discovery of additional information and 
predictions and to identification of additional relevant reagents. 

Navigating across databases 
There are a number of circumstances in which one might want to 
navigate across multiple databases, including databases such as 
OMIM (Amberger et al. 2019) or other human disease-focused plat-
forms. Using ortholog mapping tools to generate a list of human 
gene symbols, NCBI Entrez Gene IDs or other gene IDs is one 
way to prepare to effectively navigate among different online re-
sources. In addition, we note that FlyBase supports searches 
with human disease terms, which can be used to view a list of cor-
responding fly genes (e.g. look for “Human Diseases” at the “Quick 
Search” tab, and limit search results to “genes” at the “Filter by 
data class” menu). Moreover, the knowledgebases listed in  
Table 1, as well as DIOPT and many other online resources men-
tioned here, include external links to other resources, e.g. NCBI, 
facilitating direct navigation across resources. Additionally, we 
refer researchers to the FlyBase ID conversion tool for help syn-
chronizing and disambiguating the different types of gene and 
protein IDs used by different resources (https://flybase.org/ 
convert/id). 

Giving a Drosophila gene a name 
As you complete a study of a previously uncharacterized 
Drosophila gene with only a CG number identifier, you are likely 
to start thinking about assigning a text-based name to the gene. 
Early fly geneticists named mutant fly strains based on what 
they observed: e.g. white eyes or notched wings. In addition, 
they used lower case when the mutant allele identified behaved 
as a recessive allele and upper case for dominant alleles. When 
the corresponding genes were later assigned names, the names 

Table 16. Curated lists of resources relevant to Drosophila gene 
information mining and research. 

Resource Navigation URL  

Alliance Alliance “Data and 
Tools” menu tab 

https://www.alliancegenome. 
org/ 

DRSC DRSC Online Tools 
Overview Page 

https://fgr.hms.harvard.edu/ 
tools 

EBI EBI “Services” list of 
resources and tools 

https://www.ebi.ac.uk/ 
services/data-resources- 
and-tools 

FlyBase FlyBase “external 
resources” links 

https://flybase.org/ 

FlyBase 
Wiki 

FlyBase Wiki, 
“external 
resources” section 

https://wiki.flybase.org/wiki/ 
FlyBase:External_Resources 

FlyBase 
Wiki 

FlyBase Wiki, “new to 
flies” section 

https://wiki.flybase.org/wiki/ 
FlyBase:New_to_Flies 

NCBI NCBI home page https://www.ncbi.nlm.nih. 
gov/  

Table 15. Accessing precomputed reagent designs for CRISPR and 
qPCR. 

Resource URL  

sgRNA designsa  

DRSC Find CRISPR 
(version 3) 

https://www.flyrnai.org/crispr3/ 
web/  

CRISPRscan https://www.crisprscan.org/  
flyCRISPR Optimal Target 
Finder 

http://targetfinder.flycrispr.neuro. 
brown.edu/  

FlyBase Wiki list of gRNA 
design resources 

https://wiki.flybase.org/wiki/ 
FlyBase:CRISPR#CRISPR_gRNA_ 
Resources 

qPCR primer designs    
FlyPrimerBank https://www.flyrnai.org/ 

FlyPrimerBank  
GTPrimer https://gecftools.epfl.ch/getprime 

a Resources noted at the FlyBase Wiki as based on FlyBase genome 
annotation release 6 are listed.   
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and capitalization given to the mutant fly strains stuck, giving 
us gene names like white and Notch. The naming convention has 
remained largely the same over time, supplemented by database- 
friendly systematic identifiers like CG numbers and FBgn identi-
fiers. Drosophila researchers typically name fly genes based on 
some aspect of a mutant phenotype associated with disruption 
of the gene. Exactly how the name relates to a phenotype, how-
ever, is not always obvious. Moreover, although most Drosophila 
gene names derive from English language words, some gene 
names originate from other languages, or are the names of real 
or fictional persons. Assigning a name to a Drosophila gene can 
be a lot of fun. Nevertheless, some serious thought should go 
into it. Guidelines are provided on the FlyBase wiki (https://wiki. 
flybase.org/wiki/FlyBase:Nomenclature), and researchers are en-
couraged to discuss potential new Drosophila gene names with lea-
ders or staff at FlyBase. 

Paying it forward 
The meta-databases listed in Table 1 rely on researchers to share 
data and associated metadata. Ideally, we should all be aware of 
and adhering to community standards related to data sharing, in-
cluding the FAIR principles, i.e. the idea that data should be find-
able, accessible, interoperable, and reusable. Sharing data and 
associated metadata should not be an afterthought. For small- 
and large-scale projects alike, it is wise to plan data management 
and metadata annotation in experimental design stages and fol-
low through on those plans. Good records in appropriate formats 
are critical to curation and reuse now. Good records are also crit-
ical to ensuring high-quality outputs as automated tools such as 
text-mining and AI are applied to experimental datasets, now 
and in the future. Upon publication of a study that reports new 
findings for Drosophila genes, researchers are encouraged to 
use the FlyBase Fast-Track Your Paper tool to give a head start 
to curation and take other steps as needed for specific projects. 
Special consideration might be needed for large-scale datasets. 
Deposition of large-scale data and associated metadata to data-
bases such as NCBI Sequence Read Archive (SRA), DroID, or 
RSVP Plus can help ensure community access. Overall, sharing 
data and associated metadata helps ensure that new research 
plans are built on the most relevant and accurate available in-
formation, contributing to the quality and efficiency of research 
studies. Last, we suggest that large-scale data generation and 
other community resource-focused efforts should continue to 
be encouraged and supported, e.g. as more precise ‘omics tech-
nologies become available and as the research literature con-
tinues to expand. Future progress depends on access to more 
complete and accurate datasets, as well as on continued cur-
ation of the literature and continued improvement of online 
resources. 
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