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Expression profiling of Drosophila imaginal discs
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Abstract

Background: In the Drosophila larva, imaginal discs are programmed to produce adult structures
at metamorphosis. Although their fate is precisely determined, these organs remain largely
undifferentiated in the larva. To identify genes that establish and express the different states of
determination in discs and larval tissues, we used DNA microarrays to analyze mRNAs isolated
from single imaginal discs. 

Results: Linear amplification protocols were used to generate hybridization probes for
microarray analysis from poly(A)+ RNA from single imaginal discs containing between 10,000 and
60,000 cells. Probe reproducibility and degree of representation were tested using microarrays
with approximately 6,000 different cDNAs. Hybridizations with probes that had been prepared
separately from the same starting RNA pool had a correlation coefficient of 0.97. Expression-
profile comparisons of the left and right wing imaginal discs from the same larva correlated with a
coefficient of 0.99, indicating a high degree of reproducibility of independent amplifications. Using
this method, we identified genes with preferential expression in the different imaginal discs using
pairwise comparisons of discs and larval organs. Whereas disc-to-disc comparisons revealed only
moderate differences, profiles differed substantially between imaginal discs and larval tissues, such
as larval endodermal midgut and mesodermal fat body.

Conclusion: The combination of linear RNA amplification and DNA microarray hybridization
allowed us to determine the expression profiles of individual imaginal discs and larval tissues
and to identify genes expressed in tissue-specific patterns. These methods should be widely
applicable to comparisons of expression profiles for tissues or parts of tissues that are available
only in small amounts.
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Figure 1
Quality and amount of total RNA preparations from imaginal discs. Total
RNA was prepared separately from 2, 4 and 12 third-instar larval wing
imaginal discs using the Mini RNA Isolation Kit (Zymo Research). The total
amount of RNA, based on the absorbance at 260 nm (A260), was 462, 540
and 1,530 ng, respectively. The A260/A280 ratios of 2.08, 2.2 and 2.27 for
the separate preparations is indicative of high-quality RNA preparations.
The amount of total RNA per disc was calculated to be 230, 140 and
130 ng, respectively. Assuming a poly(A)+ RNA content of 1-2%, this
amount of total RNA roughly corresponds to 1-4 ng poly(A)+ RNA per
wing disc (62,000 cells). The other discs are smaller and contain fewer
cells. The equivalent of 1, 2 and 6 discs was separated on a denaturing
agarose gel (lanes 1, 2 and 3, respectively). The two prominent bands
represent the 18S and 28S ribosomal RNA populations (arrowheads).
Poly(A)+ RNA is detected as a smear. No obvious small-molecular-weight
products were observed. Lane M contains molecular-weight markers, with
numbers indicating the approximate lengths in nucleotides.
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Figure 2
Linear amplification is highly reproducible. (a) Denaturing gel electrophoresis shows the size distribution of aRNA obtained after two rounds of linear
amplification of 1 ng poly(A)+ RNA. Lane 1, total RNA; lanes 2 and 3, products of independent amplifications; M, molecular-weight markers, with
numbers indicating the approximate lengths in nucleotides. (b,c) Scatterplots of the Cy3 and Cy5 signal intensities from hybridizations of two probes
derived from independent amplifications of embryonic or wing-disc RNA. Starting materials were (b) 1 ng embryonic poly(A)+ RNA and (c) left and right
wing imaginal discs of one wandering third-instar larva. CC, correlation coefficient; SD, standard deviation. SDs were calculated on the normalized log2-
transformed R/G ratios.
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Table 1

Overview of the comparisons

Comparison Number of experiments

Wing : wing 1

Wing : eye-antenna 11

Wing : leg1 2

Leg1 : leg2 3

Leg1 : leg3 2

Leg2 : leg3 2

Haltere : genital 5

Wing : fat body 5

Leg1 : fat body 2

Haltere : fat body 1

Wing : brain/optic lobe 3

Wing : salivary gland 3

Wing : midgut 3

Forty-three pairwise comparisons were carried out. Of these, 26 were
between imaginal discs; 17 were between an imaginal disc and a larval
organ (indicated in bold). The numbers indicate the times each type of
comparison was repeated.
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Figure 3
Pairwise comparisons of prothoracic, mesothoracic and metathoracic leg discs (leg1, leg2 and leg3, respectively). Cluster analysis was carried out on the
dataset with the requirement to show induction > 1.74 (0.8 of the log2-transformed R/G ratio). In the color representation of the cluster results in this
and the subsequent figures, the columns represent the different experiments and the rows indicate the genes. Seventeen genes were found to be
differentially expressed between the first (ten genes, green cluster) and second leg discs (seven genes, red cluster) in three independently repeated
experiments (numbers 91, 77 and 142). The comparison of first and third leg discs (two experiments, numbers 92 and 94) produced two genes in the
leg1 cluster (green). Two experiments (numbers 106 and 81) revealed 12 genes that are differentially expressed between leg2 disc (three genes, green
cluster) and leg3 disc (nine genes, red cluster). Note the expression of Antp in the second leg disc in the leg1-to-leg2 and leg2-to-leg3 comparisons, with
more than threefold induction in both cases (see text). The columns indicate the subclusters with consistent induction in one channel, the gene
identification numbers (ID), the average fold induction of the two or three comparisons (Fold), the gene name and function as published on Flybase [44].
The color code is indicated below with the numbers representing the fold induction.

Leg1:leg2 ID Fold Name and Function
91, 77, 142 Leg1

GH23165 2.2 Unknown
SD07683 1.8 Unknown
CG5210 1.8 Chitinase-like, Chit, cuticle chitin catabolism
CG1772 2.2 dacapo, dap, cyclin-dependent kinase inhibitor
CG5113 1.9 Unknown, 
CG14476 1.8 alpha-glucosidase II
CG9415 1.7 X box binding protein 1,Xbp1, transcription factor
CG4124 1.9 Unknown, Zn finger, conserved domain common to transcription factors TFIIS, elonginA. CRSP70
CG5431 1.8 Tyrosine-ester sulfotransferase
GH26692 1.7 Unknown

91, 77, 142 Leg2
CG6824 LD47350   1.5 ovo, transcription factor, Zn finger
CG6139 GH16917   1.8 Monoamine transporter
CG12880 LD29228   1.7 Unknown
CG18812 GH03014      2.2 A1pp domain
CG9747 GH07782   1.7 Acyl-CoA delta(11)-desaturase
CG1028 GM05003   3.4 Antennapedia, Antp, homeobox, transcription factor
CG1607 GH27380   2 Amino-acid transporter

Leg1:leg3
     94, 92 Leg1

CG15096 GH28013   3.6 High-affinity inorganic phosphate:sodium symporter
CG4070 GH04518   2 Tis11 homolog, Tis11, Zn finger, DNA binding

Leg2:leg3
    106, 81 Leg2

CG8084 GH07389   2.6 anachronism, ana, expressed in larval glial cells and larval CNS
CG4965 LD19391   2.1 twine, twe, protein phosphatase
CG1028  GM05003   3.1 Antennapedia, Antp, homeobox, transcription factor

    106, 81 Leg3
CG8502 LP07813   4.2 Structural protein of larval cuticle
CG6416 GH19182   2 PDZ domian
CG3505 LP10895   1.9 Monophenol monooxygenase activator
CG2471 LP11415   3.5 Leucine-rich repeat, RNI-like
CG5171 LD21828   2.7 Trehalose phosphatase
CG9124 GM14618   2.1 eIF-3p40, translation initiation factor
CG1213 GH03773   2 Glucose transporter
CG8549 GH01786   3.2 Unknown
CG2718 LD47536   2.4 Gs1, glutamate-ammonia ligase/glutamate synthase

Fold
5

2.5
1.5

0
1.5
2.5

5

absent

GH23165   
SD07683   
LD21619   
CG1772      
LD34931   
GH04962   
GH09250   
LD47649   
LP01553   
GH26692   
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Figure 4
A small number of genes are preferentially induced in the prothoracic leg disc. Two comparisons of the prothoracic leg disc (L1) to the wing disc (W)
(numbers 83 and 93) are shown. The cluster analysis for these comparisons revealed 23 and 8 induced genes in the L1 (red) and W (green) subclusters,
respectively. Note the expression of apterous in the wing disc cluster (see text).

FoldCluster ID Name Function

CG6921 LD14839 3.3 CG6921 Unknown
CG2555 GH23965 4.3 CG2555 Structural protein of larval cuticle
CG4311 GH22436 1.8 HMG Coenzyme A synthase, Hmgs Hydroxymethylglutaryl-coenzyme A synthase
CG10578 SD08787 1.9 DnaJ-like-1, DnaJ-1 Chaperone
CG2858 LD36843 2.4 CG2858 NAD(P)-binding Rossman-fold domains
CG3479 LD14119 2.4 outspread, osp PH-domain-like
CG9709 LD22081 1.9 acyl-Coenzyme A oxidase at 57D distal,Acox57D-d Acyl-CoA oxidase, palmitoyl CoA oxidase
CG12789 GH23019 2.3 Best:CK01577 Scavenger receptor
CG9261 GH13134 1.9 Nervana 2, Nrv2 Sodium/potassium-exchanging ATPase
CG3441 GH23743 2.6 CG3441 Unknown
CG4070 GH04518 2.4 Tis11 homolog, Tis11 DNA binding, zinc finger
CG6906 LD26647 1.8 CG6906 Carbonate dehydratase
CG13907 GH22266 1.9 CG13907 Monocarboxylate porter
CG3168 GH13883 2 CG3168 General substrate transporter domains
CG7777 LD27313 2.1 CG7777 Water transporter, MIP family
CG15085 LD15796 2.9 modulator of the activity of Ets, mae Mediator of MAPK signaling
CG6467 LP10918 2.4 CG6467 Serine-type endopeptidase
CG4192 GH12215 2.3 kekkon-3, kek3 Immunoglobulin and major histocompatibility complex domain
CG2923 LD39211 2.3 CG2923 Unknown
CG8529 SD07514 2.5 Dystrobrevin-like, Dyb Cytoskeletal protein binding
CG8280 GM14559 2.2 Elongation factor 1alpha48D, Ef1alpha48D Translation elongation factor, protein-synthesizing GTPase
CG3050 GH07481 2.9 Cyp6d5 Cytochrome P450
CG12505 LD41905 2.4 CG12505 Zinc finger domain

CG4914 LP11612 3.8 CG4914 Serine-type endopeptidase, 'homeobox' antennapedia-type protein
CG4766 GH11415 5.1 CG4766 Unknown
CG8376 SD05618 4.5 apterous, ap Homeobox domain transcription factor
CG9008 GH14910 2.5 CG9008 Unknown
CG13574 RE56892 3.6 CG13574 Unknown
CG17278 SD04019 18.3 CG17278 Kazal-type serine protease inhibitor family
CG11407 GH20840 7.3 CG11407 Long-chain fatty acid transporter
CG11491 LP10481 3 broad, br BTB/POZ domain, zinc finger, transcription factor
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Figure 5 (see the legend on the next page)

Gene Fold Name Function

CG3430 1.4 / Unknown
CG6139 1.5 / Monoamine transporter
CG4526 1.4 / Unknown
CG1727 2.3 / Kazal-type S protease inhibitor family
CG1140 1.8 / Long-chain fatty acid transporter
CG9427 2 / Thioredoxin-like
CG6166 2.6 / Unknown
CG9015 1.9 engrailed , en Transcription factor
CG1449 2.3 Zn finger homeodomain 2 , zfh2 Transcription factor
CG1999 1.7 / Unknown
CG8502 3.3 / Structural protein of cuticle
CG1843 1.7 Papilin, Ppn Ecm component, trypsin inhibitor
CG1607 2.6 / Amino acid transporter
CG8376 9.1 apterous, ap Transcription factor, LIM homeodomain
CG1151 2.5 broad , br Transcription factor
LP1093 1.7 / Unknown
CG1039 3 Cyp310a1 Cytochrome P450
CG1096 1.8 / Oxidoreductase
CG1057 2.7 / Unknown
CG8664 1.5 / Unknown
GH2350 1.5 Arrestin 2, Arr2 Metarhodopsin inactivation
CG7144 1.9 / Saccharopine dehydrogenase
CG4692 1.5 / Hydrogen translocating F-type ATPase
CG1670 1.6 / Monophenol monooxygenase activator

CG6588 1.7 Fasciclin1, Fas1 Neuronal cell adhesion
CG8434 1.6 / Ig and MHC domain
GM0292 1.5 / Unknown
CG7788 1.4 Ice Effector caspase
CG1067 1.8 / Unknown
CG3036 1.7 / Sodium:phosphate symporter
CG5467 2 / Unknown
CG6003 1.8 / Unknown
CG1057 1.8 / Sec7 domain, PH domain-like
CG6575 2.2 Gliolectin, glec Carbohydrate binding protein
CG1539 2.4 sandopo, spdo Actin and tropomyosin binding
CG9808 2.1 PFTAIRE-interaction factor 1A or 1B, Pif1A/1B bZIP transcription factor family
CG1616 2 disc proliferation abnormal, dpa DNA replication factor, chromatin binding
CG5009 1.7 BcDNA:GH07485 Palmitoyl-CoA oxidase
CG4070 1.5 Tis11 homolog, Tis11 DNA binding, zinc finger
CG8942 1.7 BG:DS00180.10 Wnt-protein binding
CG5248 1.9 locomotion defects, loco G-protein signaling, glia cell differentiation
CG5869 1.5 BG:DS02740.9 Actin binding, depolymerizing proteins
CG1202 1.8 / Unknown
CG2086 1.5 BcDNA:GH03529 Cell adhesion, EGF/Laminin
CG1837 2.5 longitudinals lacking, lola, LD28033 Transcription factor, axon guidance
CG4716 1.8 / Unknown
CG2999 1.9 unc-13 Synaptic vesicle exocytosis
CG1515 2.8 / RNI-like
CG3831 2.2 / Unknown
CG7777 2.7 / Water transporter, MIP family
CG8756 2.4 / Chitin binding domain, ligand-binding domain
CG1509 2.4 / Actin binding
CG1722 2.3 prospero, pros Transcription factor, glia cell differentiation
CG1472 2.5 / Histamine-gated chloride channel
CG1007 1.6 extra macrochaetae, emc Transcription co-repressor
CG5981 1.6 stathmin Microtubule binding
CG5210 2 Chitinase-like, Chit Chitinase, cuticle chitin catabolism
CG1179 1.5 / Zinc finger domain
CG8451 1.6 / Sodium dependent multivitamin transporter
CG1454 2 E(spl) region transcript mbeta, HLHmbeta Transcription factor, myc-type
CG1383 1.6 / Unknown
CG5185 1.8 Twin of m4, Tom Signaling, Notch antagonist
CG3523 2.3 BcDNA:GH07626 Fatty-acid synthase
CG6682 2 Rapgap RAS GTPase activator
CG5600 1.6 / Unknown
GH0977 1.9 / Unknown
CG1802 2 Calcium activated protein for secretion, Caps Synaptic vesicle exocytosis
CG7508 3.4 atonal, ato Transcription factor
CG8965 3.3 / RA domain
CG9134 2.7 / Ligand binding or carrier, lectin
CG1184 6.9 / Homeodomain-like
CG9335 16 / Unknown
CG7727 4.6 beta amyloid protein precursor-like, Appl Amyloid protein
CG2040 2.3 hikaru genki, hig Cell adhesion molecule, selectin
CG7672 4.1 glass, gl Transcription factor, photoreceptor determining
CG7908 1.7 / Metalloendopeptidase
CG1675 2.1 Spinophilin, Spn; E62 Protein phosphatase1 binding, PDZ domain
CG3050 2.3 Cyp 6d5 Cytochrome P450
CG2269 1.6 / Unknown
CG2759 1.7 white, w Eye pigment precursor transporter
CG1673 1.5 sloppy paired 1, slp1 Transcription factor, fork head domain
CG1065 1.7 / Retinal binding
CG7906 1.7 / Kazal-type serine protease inhibitor family
CG7870 1.9 / Dolichyl-phosphate beta-glucosyltransferase
CG1134 1.4 / Unknown
CG9218 1.6 smooth, sm RNA binding, ribonucleoprotein
CG4468 1.3 / Unknown
CG4778 1.5 BcDNA:GH02976 Structural protein of peritrophic membrane
CG3136 2.3 / bZIP transcription factor family
CG4511 2.9 / ATP binding, Thioredoxin-like
CG1195 1.8 SP1029 Aminopeptidase, NOT aminoacyclase
CG3048 2.3 TNF-receptor-associated factor 1, Traf1 Defense response, signal transduction
CG1500 3.4 Ecdyson-inducible gene L2, ImpL2 Cell adhesion
CG9691 1.6 / Unknown
CG1922 2.2 onecut Transcription factor, homeobox domain
CG1404 2.2 SP555 SOCS domain, C-terminus of STAT-inhibitors
CG3556 1.7 / Terpenoid cyclase/protein prenyltransferase
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Figure 5 (see the figure on the previous page)
Genes preferentially expressed in wing and eye-antennal discs. Amplified RNA from single discs of five individual larvae was used to carry out direct
comparisons between a wing imaginal disc and an eye-antenna imaginal disc of the same larva (experiments 51, 88, 146, 155, 156, 157, 173 and 175).
Whenever samples from one larva were used for more than one experiment, different left to right combinations of the individual discs were made. In
two experiments, combinations of discs from two larvae (experiment 74) or pools of five larvae (ten wing and ten eye-antenna discs, experiment 98)
were used. Cluster analysis was performed on the dataset with the requirement to show induction > 1.74 (0.8 of the log2-transformed R/G ratio) in at
least five experiments. One hundred and forty genes grouped into different subclusters. After removal of double hits or genes with inconsistent
induction, 97 genes remained. Twenty-four genes were induced in the wing imaginal disc (red) and 73 genes in the eye-antennal disc (green). Black
indicates lack of induction. Fold induction was calculated as an average induction in all experiments (column 3). The name, description and molecular or
biological function is indicated as in Flybase [44] (columns 4 and 5). Some genes with known expression in the respective tissue are included in the
clusters, such as apterous, engrailed and glass (see text). Of this set, 22 genes are uncharacterized and do not code for known protein domains. Note the
high induction of CG9335 (16 fold) and CG11849 (6.9 fold) in the eye-antennal cluster. Genes marked in red were chosen for in situ experiments (see
Figure 6).
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Figure 6
Expression patterns of genes in the wing and eye-antennal clusters. In situ hybridizations of genes from (a-d) the wing and (f-i) eye-antennal disc clusters
show the disc-specific patterns of expression. Confirming the mircoarray data, the signal intensities are higher in the wing discs in (a-d) (red frame) and
the eye-antennal discs in (f-i) (green frame). Note the refined expression pattern in the wing disc for CG10962 in (c). In two cases, CG10962 (c) and
CG9335 (g), signal could only be detected in the predicted disc. The arrowhead in (g) indicates the morphogenetic furrow. The number indicates the
average fold induction in the 11 experiments. Arrestin2 (d) and CG11798 (f) were included in the clusters because their relative induction was > 1.74 in
more than five experiments. (e) CG6680 and (j) LD11162 failed the threshold criteria for the cluster depicted in Figure 4, but were part of a larger
cluster with lower threshold settings. For both genes, the in situ patterns confirm the predicted expression. Discs are oriented anterior to the left, and
dorsal uppermost.
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Figure 7
Imaginal discs share a similar expression profile but differ from differentiated larval tissues. (a) Comparison between first and third leg discs. An
enlargement of a representative block out of 32 blocks on the microarray is shown. It produced mostly yellow spots on the superimposed red (Cy5
labeling) and green (Cy3 labeling) images, indicative of a high degree of similarity in the respective expression profiles. (b) In a comparison of wing disc
and fat body, the same block contained mostly red and green spots, indicating a high degree of divergence. (c,d) Scatterplots of Cy3 and Cy5 intensities
in comparisons (c) between leg discs and (d) between wing disc and larval fat body. In the leg comparison the spots are in close proximity to the bisector
(CC 0.93, SD 0.38) with only a small number of genes induced in either the leg1 or leg3 disc. In contrast, spots are spread widely to both sides of the
bisector for the wing-to-fat body comparison (CC 0.37, SD 1.17), indicating a large number of differentially expressed genes. The data points are color
coded such that spots that are induced > 1.74 fold in the Cy5 channel are colored red and those induced > 1.74 in the Cy3 channel in green. Ratios
within a threshold of 1.74 are represented in black.
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Figure 8
The mRNA populations in larval and imaginal tissues are distinct. (a) Graphical representation of the number of spots with intensity differences > 1.74
when imaginal and larval tissues were compared. The numbers of spots are derived from cluster analysis of the repeated experiments. All disc-to-disc
comparisons are represented by red bars, whereas the disc-to-nondisc comparisons are shown in blue. EA, eye-antennal; FB, fat body; G, genital; GUT,
anterior part of the midgut; H, haltere; L1, leg 1; L2, leg 2; L3, leg 3, OL, optic lobe/brain; SG, salivary gland; W, wing. (b) A plot of the level of
divergence as measured by the SD of the log2-transformed R/G ratios for all genes in 42 experiments (leaving out the wing-to-wing experiment). Of
these, 25 experiments were comparisons of one imaginal disc to another (see text and Table 1) and the remaining 17 compared imaginal discs to larval
tissue, that is, salivary gland, midgut, fat body and optic lobe/brain hemisphere. The disc-to-disc comparisons were placed on the lower line, whereas
disc-to-nondisc comparisons are represented on the top line. All disc-to-disc experiments grouped to the left as a result of SD < 1, indicating similarity of
the expression profiles among the various imaginal discs. Disc-to-nondisc comparisons group to the right, with SD > 1. A group of three experiments of
disc-to-nondisc comparisons reveals low SDs in the range of disc-to-disc comparisons. These are the wing disc-to-optic lobe/brain hemisphere
comparisons (arrow).
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Figure 9
Cyclin-dependent kinase 1 (Cdk1/cdc2) is expressed in imaginal but not in larval tissues. The cluster analysis for Cdk1 is shown for 41 pairwise
comparisons with each box representing one experiment. All the disc-to-disc comparisons (see text) group to the left and display ratios of the intensities
close to 1, as indicated by the dark shades of red and green (color coding as in Figure 3). The in situ hybridization to the various imaginal discs confirmed
that Cdk1 is expressed in all discs. Cluster analysis of the comparisons of discs (labeled in green) and larval tissues (red) showed a strong induction in
imaginal discs (represented by the intense green staining). This finding is confirmed by previous descriptions that Cdk1 is downregulated in endoreplicated
tissues and by the lack of signal after in situ hybridization (FB, GUT and SG). The wing disc (W) to brain/optic lobe (OL) comparisons revealed less
induction of Cdk1 in the wing disc as indicated by the darker shades of green. This is in good agreement with in situ hybridization data that showed some
expression, particularly in the proliferation zones of the optic lobe, but no signal in most parts of the brain. Abbreviations as in Figure 8.
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Materials and methods 
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Larval dissections, RNA isolation and in situ
hybridization  
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