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Introduction

Microarray technology is now widely used to study gene expression.1 
With close to 300 microarray experiments deposited in public 
repositories on Drosophila alone,2 data management is becoming 
an increasing challenge. Consequently, databases are continuously 
developed to mine information from experiments performed on 
the whole body, dissected tissues, or even from Drosophila cells in 
culture.2-5 However, there is paucity of simple, specialty databases 
with routine data integration and data retrieval capabilities that can 
also support hypothesis building. Such a database, where research-
ers can harness valuable information even from preliminary data 
to assess hypotheses, would be material for model organism-based 
research community, where high quality genomic sequence data and 
annotation are already in place. To provide a simple tool for every-
day research, we developed the Pathogen Associated Drosophila 
MicroArray (PADMA) Database (www.padmadatabase.org).

PADMA is a web-based, specialty database, housing 
Drosophila immunity-related microarray datasets from processed 
data files in the public domain. PADMA was conceptualized with 
two key features: (1) ability to compare expression results across 
experiments; and (2) upload and analyze datasets by members 
of the research community. We tested both these features with 
a new dataset obtained from Drosophila larvae parasitized with 
Ganaspis xanthopoda,6 a parasitic wasp whose effect on the host 
gene expression has not yet been studied. A third consideration 
for PADMA was a simple design structure that can be adapted by 
others for a similar research approach.

In nature, Drosophila are attacked by microbial (viral, bacte-
rial, fungal), and metazoan (parasitic wasps) pathogens.7,8 These 
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infections elicit tissue- and cell-specific responses, perturbing 
normal homeostasis and development of the host. While patho-
genic bacteria can be ingested with food,9 parasitic wasps inject 
their eggs directly into the hemocoel. Pathogen infection acti-
vates the conserved Toll-or IMD immune pathways, each of 
which engages transcription factors of the NFκB family. The 
JAK-STAT and pro-phenol oxidase cascades also play a signifi-
cant role in host defense. The resulting systemic host immune 
responses originate primarily in blood cells and the fat body.8

Microbial and metazoan pathogens introduce virulence fac-
tors into their hosts. While transcriptomics of infected hosts have 
provided significant insights into the molecular underpinnings 
of host immunity, much less is known about the molecular basis 
of immune suppression.10,11 During oviposition, parasitic wasps 
also introduce venom factors produced in the wasp venom gland 
into the larval hemocoel, which alter the immune physiology and 
development of the host.12 The final outcome of the infection 
is thus driven by the unique host/pathogen interaction that can 
be understood at the molecular level.11,13 The venom factors of 
Drosophila wasps L. boulardi and L. heterotoma actively inhibit 
the encapsulation response in D. melanogaster larvae. However, 
while L. heteroma-14 venom kills host hemocytes, L. boulardi-17 
does not. Furthermore, whereas L. heterotoma-14 barely perturbs 
host transcription, L. boulardi-17 infection modulates the expres-
sion of hundreds of host genes.11,14,15

Like L. heterotoma, venom factors from G. xanthopoda 
compromise the viability of larval blood cells and inhibit egg 
encapsulation (our unpublished results).16 Since both Leptopilina 
and Ganaspis are Figitids,17 we wondered if G. xanthopoda infec-
tion also restricts the activation of humoral immune genes 
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experiments without directly 
comparing signal value.

The microarray experiment-
derived information in PADMA 
Data Files includes: category 
of experiment (Microbial or 
Parasitoid), experiment sub-
ject (Larvae or Hemocytes) and 
experiment name (a unique 
combination of fifteen charac-
ters that includes the author’s 
name). The PADMA Data File 
contains a total of eight microar-
ray experiment-derived variables 
and must be saved and uploaded 
as a Comma Separated Value 
file. PADMA also houses anno-
tation metadata (such as Gene 
Name, CG number, FlyBase 
Number and GO Number). Like 
microarray data, the annotation 
metadata must be uploaded onto 
PADMA, and updated regu-
larly by downloading contents 
from Affymetrix® and FlyBase 
(Fig.  1E and F). The combina-
tion of data contained in the 
PADMA Data File and anno-
tation metadata results in 13 
essential variables (Table 1) for 
querying and comparing micro-

array experiments. Users can currently query close to 50 datasets 
warehoused in PADMA from over 12 publications (please visit 
www.padmadatabase.org for a list of current datasets housed in 
PADMA) by selecting any of these variables as search criteria. We 
expect the PADMA data warehouse to expand as additional data-
sets become available in the public domain, and are incorporated 
into the data warehouse.

The PADMA Data File or annotation file is uploaded to 
PADMA through APACHE/PHP interface (Fig. 1G), associ-
ated in an object-relational framework through Oracle® XE 
(Fig. 1H), and stored in the Data Warehouse (Fig. 1I). Each 
variable is placed in respective tables, associated by primary 
keys in an object-relational scheme (Fig. 2). “Reference” pre-
fixed tables relate to annotation metadata, and are noted as 
either “Affy File” or “FlyBase File” in Table 1. Because it is the 
predominantly used microarray, PADMA is designed to sup-
port Affymetrix® data format. “Experiment” prefixed tables 
relate to data from PADMA Data File. “Client” and “Access-
Right” tables relate to user registration and security compli-
ance, respectively. Users can upload their datasets by following 
the same procedure in generating and uploading PADMA Data 
File. One key difference is that user-uploaded datasets remain 
confidential. Thus unpublished, preliminary data can be used 
to compare against published datasets in the data warehouse, 
confidentially.

that are typically induced by microbes and L. boulardi-17. We 
used the PADMA database to compare published data from 
Leptopilina-infected hosts with a dataset from hosts infected 
with G. xanthopoda. We found that even though G. xanthopoda 
virulence resembles that of L. heterotoma, its effects on global 
host transcription are distinct from either Leptopilina spp. This 
comparison predicts that virulence mechanisms of G. xanthopoda 
may be quite different.

Results

PADMA design. PADMA administrators access a publicly 
available repository like GEO or ArrayExpress (Fig. 1A) and 
retrieve processed data files (Fig. 1B). PADMA administrators 
then manually format the downloaded processed data files into 
PADMA Data Files (Fig. 1C and D). Formatting PADMA Data 
Files involves (1) taking the average signal value across replicates 
by probeset ID, and (2) calculating fold induction from such 
averages between experimental and control classes. These steps 
yield one file per time point. In datasets without time points, 
only a single file is generated. Because different filtering and nor-
malization parameters could have been applied while processing 
raw images, direct comparison of absolute signal value between 
processed data files can be misleading.2,18 We, therefore, designed 
PADMA to simply compare trends of gene expression between 

Figure 1. Database design. Schematic of flow of data, storage points, access points and interface process-
ing (A–K). PADMA administrator retrieves processed data files (A and B) and manually formats them (C) into 
PADMA Data File (D). PADMA administrator downloads Affymetrix® (E) and FlyBase (F) annotation files to 
update PADMA metadata registry. PADMA Data File, along with Affymetrix® and FlyBase annotation files, are 
uploaded through Apache/PHP data loader (G) and processed within Oracle XE framework (H). PADMA users 
retrieve housed data (I) by specifying search criteria, and either view it on screen (J) or export as CSV files (K). 
Exported files can be opened in MS Excel® or other data processing applications for further analysis (L).
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Proof-of-concept: Analysis of G. xanthopoda infection 
through PADMA. To compare genome-wide host gene expres-
sion changes after G. xanthopoda infection with published 
data, we used PADMA to compare preliminary results from 
a 3-hour infection. We uploaded these files onto PADMA by 
converting processed files into PADMA Data Files. We then 
queried datasets from G. xanthopoda, L. boulardi-17 and L. het-
erotoma-14 infections using Advanced Search. We exported the 
query results and compiled them onto a MS Excel® spreadsheet. 
Using logic functions in MS Excel®, we compared differential 
regulation (<0.5- or >2-fold induction relative to respective, 
uninfected controls) of all the probesets among these datasets. 
We found that G. xanthopoda infection differentially regulates 
more host genes than either L. boulardi-17 or L. heterotoma-14 
infections.

We modified PADMA export files and uploaded them onto 
GenMAPP19 (http://www.genmapp.org) to compare expression 
profiles of various immune (Toll and Imd) pathway genes. We 
found that like L. boulardi-17 and L. heterotoma-14,14 G. xan-
thopoda did not appear to activate components or targets of the 
Imd pathway, although this prediction needs to be confirmed in 
future experiments. However, like L. boulardi-17 infection, the 
expression of many components and targets of the Toll pathway 
is activated in hosts after G. xanthopoda infection (Fig. 4A). 
While L. heterotoma-14 infection appears to activate expres-
sion of PGRP-SD (a recognition molecule), none of the sub-
sequent components or targets of the Toll pathway examined 
were activated.14 Interestingly, both G. xanthopoda and L. bou-
lardi-17 infections elicited upregulation of SPE, the processing 
enzyme that cleaves pro-Spatzle to produce an activated form 
of Spatzle. The latter serves as the ligand for the Toll receptor.8 
The activation of the Toll pathway in the fat body after G. xan-
thopoda infection was confirmed with expression of Toll pathway 

Querying PADMA. Users must register in order to access 
the database components of PADMA. While PADMA is an 
unrestricted database open to everyone, the registration process 
is intended to ensure security for users uploading confidential, 
unpublished results. Upon logging in, users can choose to query, 
upload datasets, or view a list of microarray publications currently 
in PADMA (Fig. 3A). PADMA offers three query options: (1) 
Quick Gene Search, (2) Advance Search and (3) Refine Search. 
Quick Gene Search allows users to search one or more genes or 
probeset IDs (Fig. 3B). Users can select all search options or any 
combination of criteria for a narrower, targeted search and also 
include their respective, unpublished datasets in these searches. 
Users, however, cannot query by GO Number or GO Biological 
description in Quick Gene Search option. Once query criteria are 
selected and submitted, PADMA displays query results (Figs. 1J 
and 3C). Each gene in the query result is hyperlinked to FlyBase 
(www.flybase.org).

Advance Search offers greater flexibility than Quick Gene 
Search. Whereas users are required to input a gene name, Probeset 
ID, or CG Number in Quick Gene Search, they can query any 
combination of criteria in an Advanced Search. Also, users can 
query by GO Number or GO Biological description in Advance 
Search. The key difference between the two search options is that 
the query result in Quick Gene Search is unique to a probeset ID, 
and therefore, returns one result per probeset ID. On the other 
hand, Advance Search result is unique to a GO Number, and thus, 
results may yield the same probeset ID more than once if the probe-
set ID is associated with multiple GO Numbers. Refine Search is a 
hybrid of Quick Gene Search and Advanced Search, offering users a 
third query option. Users can export all three types of query results 
in CSV format by clicking on the ‘Export File’ button (Fig. 1K). 
Data contained in the exported file can be plotted using an applica-
tion like MS Excel® to compare expression profiles (Fig. 1L).

Table 1. PADMA upload and retrieval criteria

Columns Source Description

Probe ID Raw File Affymetrix® Probe Set ID

CG Number Affy File CG number associated with the Probe ID

Gene Name Affy File Gene name associated with the Probe ID

FBgn Number Affy File Flybase number associated with the Probe ID

GO Number FlyBase File Gene Ontology number associated with the Probe ID

GO Bio Function FlyBase File Gene Ontology description associated with GO Number

Experiment Name User Defined Unique identifier for each uploaded experiment

Active Category User Defined Identifies class of pathogens (i.e., Parasitoid)

Active Species User Defined Name of specific pathogen (L. boulardi-17)

Experiment Subject User Defined Specifies where sample was taken from

Regulation Value User Defined Defines threshold for up, down, no change in regulation

Fold Induction Raw File Calculated induction of signal strength from control

Hour Raw File Time course of infection

PADMA houses 13 variables, which are also known as query or search criteria. The sources of these variables are as follows: three are directly from 
processed files (with fold induction averaged and calculated), five are specified by the administrator or user (in user upload cases) to define the 
dataset, and five are metadata points obtained from Affymetrix® and FlyBase annotation files. When uploading data, eight of these variables (blue) 
are required in the PADMA Data File for successful upload (Fig. 1). The remaining five variables (red) are associated behind the scene during a query 
protocol, depending on the query tool used.
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Figure 3. Quick Gene Search. Screenshots of PADMA functions menu (A), Quick Gene Search (B) and query result from Quick Gene Search (C).

Figure 2. PADMA data and metadata relational schema. The semantic association intrinsic to all files, experimental and metadata, uploaded to 
PADMA. The architecture is designed to link reference and experiment type data. All relations in the database are normalized using E.F. Codd’s normal 
form to ensure against any insertion selection or deletion anomalies that can compromise the integrity of data.
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gleaned primarily from genetic/genomic studies, fundamen-
tal questions about natural host/pathogen interactions and 
evolution of virulence still remain. Depending on the frequency 
of infection, co-infection and type of pathogen, signaling path-
ways and genes are differentially expressed with specificity in 
space and time; their activities align with the developmental 
and immune physiology of the host. Moreover, the pathway 
components also interact with other molecules, forming a net-
work of interactions. Microarray data have been used to build 

target drosomycin in larvae carrying transgenic drosomycin-GFP 
reporter20 (Fig. 4B–F).

Discussion

The rationale of the PADMA database was to organize gene 
expression data to facilitate developing new paradigms that can 
only arise with the totality of transcriptomic information in 
multiple experimental contexts. Despite the remarkable insights 

Figure 4. Gene expression changes after G. xanthopoda-infection. Gene expression of Toll pathway components and targets in host larvae after G. 
xanthopoda, L. boulardi-1714 and L. heterotoma-1414 infections are shown, respectively (A). Boxes represent genes, where dark grey  indicates activation 
and light grey indicates no change. Solid arrows indicate direct up or downstream relationship. Drosomycin-GFP larva imaged directly without infec-
tion (B) or after infection (C, inset for higher magnification, C1). Fat body dissected from an uninfected (D) or infected (E) Drosomycin-GFP larva. GFP 
signal is in white. Parasite egg, imaged in phase, appears as a translucent semi-circular structure on the fat body(F). Samples in (D–F) are stained with 
Hoechst 33258 for DNA. The staining appears white in these images
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web access, allowing menu-based data upload and retrieval 
operations, and Oracle express edition (XE) realizes data stor-
age in the backend (Fig. 1G–H). Oracle XE is a free version of 
the Oracle database system, subject to some restrictions (Oracle 
2007). While the current PADMA implementation benefits from 
Oracle’s object-relational capability, migration to a relational 
framework (e.g., MySQL and PostgreSQL, Microsoft SQL) is 
feasible with some adjustments. The server is installed in a secure 
network environment, and a log traces all access to accounts.

PADMA is augmented with a periodic loading of PADMA 
Data Files, followed by the complex assembly process. PADMA 
starts the loading operation by reading the input data to ensure 
that semantic constraints are met. The assembly operation then 
analyzes and builds the association between PADMA Data Files 
and the annotation metadata. These operations are implemented 
using PHP script that runs the entire processes as a single trans-
action. The PADMA administrator can execute the script. The 
load process can be re-run as many times as there are input files 
because the process will always rebuild linkages based on the 
database contents. After the relationship is established, uploaded 
data are available for query and export.

We conducted alpha testing with biology and non-biology stu-
dent volunteers. The testing protocol was designed to ensure that 
the key functions of the database are tested, and test forms were 
formatted to maintain consistency throughout testing sessions. 
Feedback and comments were incorporated in the design of the 
beta version of PADMA, now available on the web. Comments 
from users will be incorporated in future releases.

Microarray experiment and validation. From a 2-day egglay, 
100 y w larvae were collected and divided equally into two Petri 
dishes containing standard fly food. Twenty G. xanthopoda 
females were allowed to infect these hosts for 3 hours. Immediately 
upon removal of the wasps, infected and control uninfected lar-
vae were frozen in liquid nitrogen and ground in Trizol. RNA 
was extracted from the animals, checked by agarose gel-electro-
phoresis to ensure the integrity of the RNA. RNA samples were 
used by the Microarray Core Facility at Weill Cornell Medical 
College for cDNA preparation and hybridization to Affymetrix® 
GeneChip, Drosophila Genome v2.0 (Affymetrix, Santa Clara, 
CA). Results were deposited in Gene Expression Ombudsman 
(GEO), Accession GSE 25522.

To assess Drosomycin-GFP expression in the fat bodies, devel-
opmentally-synchronized third-instar y w; P{w+ Drosomycin-
GFP} larvae were infected with G. xanthopoda. Success of 
infection was confirmed by dissecting a sample of infected larvae. 
GFP expression was monitored either without dissection through 
the larval cuticle or after dissection. Dissected fat bodies were 
fixed with 4% paraformaldehyde, prepared in 2% sucrose in 
PBS at pH 7.6. After three washes, samples were counterstained 
with nuclear dye Hoechst 33258 (Invitrogen Molecular Probes, 
Eugene, OR) and mounted in 50% glycerol in PBS. Images were 
obtained using a Zeiss LSM510 confocal microscope.
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molecular networks for yeast, C. elegans and mammalian cells in 
culture.21 One motivation of developing the PADMA database 
is to bridge the gap between global transcription and immune 
physiology of insects. Such a network can reveal aspects of host 
biology that may not be directly related to immune response, 
but nevertheless contribute to the host’s ability to fight or 
withstand infection.

Using PADMA as a guide in studying G. xanthopoda infec-
tion. Using G. xanthopoda infection, we show that both goals 
in conceptualizing PADMA were realized. PADMA’s metadata 
association to FlyBase and Gene Ontology enabled us to derive 
annotations inherent in these databases. Uploading query results 
from PADMA onto GenMAPP allowed rapid comparison of 
changes in Toll pathway genes. Our results suggest that although 
G. xanthopoda infection activates Toll signaling in a manner that 
is likely to be similar to microbial (fungal) and other metazoan 
(L. boulardi-17) pathogens,8,11 its virulence mechanism may be 
unique. Although the Ganaspis and Leptopilina genera are in 
the same Figitidae family, they are still phylogenetically quite 
distant, each belonging to a different subfamily.17 Even within 
the Leptopilina genus, stark differences in infection strategies 
have been reported.14 It is therefore not all that surprising that 
G. xanthopoda’s effects on the host are different from Leptopilina’s.

Relevance of the PADMA database to Drosophila and other 
insects. Many biological events and their molecular underpin-
nings defined in Drosophila are shared in other insects. Proteins 
from other insects are often expressed in Drosophila to under-
stand how their mis-expression affects the biology of Drosophila. 
One study found that in transgenic D. melanogaster with high 
levels of cell surface proteins of the Plasmodium sporozoites, the 
expression of immune related genes were affected, although the 
Toll pathway expression was repressed.22 The PADMA database 
can help understand such results more clearly in the context of 
Drosophila immunity against natural pathogens and the patho-
gen’s ability to suppress or evade host defense.

Comparative transcriptomic studies of insects other than 
Drosophila via the PADMA database can facilitate functional 
genomics of other insects to interconnect ideas not easily possible 
through bench experiments alone. The scope and utility of the 
PADMA database, therefore, extends beyond the model organ-
ism, into the study of insects of agricultural importance and dis-
ease vectors. The database has also been successfully utilized as a 
module for instruction to Biology students at The City College 
of New York. Finally, the PADMA database design (Fig. 1) can 
be easily replicated with relative ease for similar specialty data-
bases in an object-relational schema (Fig. 3). In fact, due to this 
object-relational platform design, PADMA can easily adapt to 
new transcriptome platforms, including deep sequencing, by 
simply adding new relationships onto the existing design schema. 
In principle, it should be possible to link such specialty databases 
that could enhance broad collaborative efforts.

Materials and Methods

Database implementation. PADMA runs in a platform-inde-
pendent environment (Fig. 3). Apache/PHP layer processes 
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