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Fig. 6 RNAi-mediated phenotypes in valve cells 

(A and B) Show selected single frames from recordings captured at 200 frames per second. (A) 

Illustrates the valve cells from an animal with the genotype yw; UAS-Rab5 RNAiv103945 (control). 

(B1-B3) Show the valve cells in three different animals with the genotype yw; tin-Gal4; UAS-Rab5 

RNAiv103945. The valve cells lack their typical histology and overall appearance. (C) Shows a heart 

of a 3rd-instar larva with the genotype yw; handC-Gal4; handC-GFP, stained for anti-GFP (nuclei of 

all cardiomyocytes) and anti-Spectrin (outlines the cell membrane) (maximum projection). The 

typical histology of the valve cells is seen. (D) Shows the heart of a 3rd-instar larva with the 

genotype yw; handC-Gal4; handC-GFP, UAS-Rab5 RNAiv103945, stained for anti-GFP (nuclei of all 

cardiomyocytes) and anti-Spectrin (outlines the cell membrane) (maximum projection). 

Downregulation of Rab5 inhibits valve cell differentiation. The typically histology is not visible. 

(E) Shows the heart of a 3rd-instar larva with the genotype yw; UAS-Rab5 RNAiv103945 (control), 

stained for anti-ßPS1-Integrin (maximum projection). Both valve cells with their characteristic 

appearance are recognisable. (F) Shows the heart of a 3rd-instar larva with the genotype yw; tin-

Gal4; UAS-Rab5 RNAiv103945, stained for anti-ßPS1-Integrin (maximum projection). 

Downregulation of Rab5 results in inhibition of valve cell differentiation. Ultra-thin cross-sections 

of valve cells from wild-type (G) and from animals in which Rab5 was downregulated (H) were 

analysed using TEM. Mutant valve cells lack the characteristic large membraneous vesicle free of 

material and display several additional abnormalities. Knock-down specificity was tested using two 

independent RNAi lines, with the following results: tin-Gal4 xUAS-RNAi34096 gives rise to 20% 

of animals with valve cell abnormalities, tin-Gal4 × UAS-RNAi103945 results in 64% of animals 

with valve cell abnormalities. (A-F) White arrows point to valve cells. 

 

 

 

  

Jo
ur

na
l o

f E
xp

er
im

en
ta

l B
io

lo
gy

 •
 A

dv
an

ce
 a

rt
ic

le



Bibliografie 
 
 Albrecht, S., Altenhein, B. and Paululat, A. (2011). The transmembrane receptor 

Uncoordinated5 (Unc5) is essential for heart lumen formation in Drosophila melanogaster. 
Developmental Biology 350, 89-100. 

 Albrecht, S., Wang, S., Holz, A., Bergter, A. and Paululat, A. (2006). The ADAM 
metalloprotease Kuzbanian is crucial for proper heart formation in Drosophila 
melanogaster. Mechanisms of Development 123, 372-387. 

 Alex, A., Li, A., Tanzi, R. E. and Zhou, C. (2015). Optogenetic pacing in Drosophila 
melanogaster. Science Advances 1, e1500639. 

 Andersen, J. L., MacMillan, H. A. and Overgaard, J. (2015). Temperate Drosophila 
preserve cardiac function at low temperature. Journal of Insect Physiology 77, 26-32. 

 Angioy, A. M., Boassa, D. and Dulcis, D. (1999). Functional morphology of the dorsal 
vessel in the adult fly Protophormia terraenovae (Diptera, Calliphoridae). Journal of 
Morphology 240, 15-31. 

 Armstrong, E. J. and Bischoff, J. (2004). Heart valve development: endothelial cell 
signaling and differentiation. Circulation Research 95, 459-470. 

 Bazigou, E., Lyons, O. T. A., Smith, A., Venn, G. E., Cope, C., Brown, N. A. and 
Makinen, T. (2011). Genes regulating lymphangiogenesis control venous valve formation 
and maintenance in mice. The Journal of Clinical Investigation 121, 2984-2992. 

 Chan, C. C., Scoggin, S., Wang, D., Cherry, S., Dembo, T., Greenberg, B., Jin, E. J., 
Kuey, C., Lopez, A., Mehta, S. Q. et al. (2011). Systematic discovery of Rab GTPases 
with synaptic functions in Drosophila. Current Biology 21, 1704-15. 

 Chintapalli, R. T. V. and Hillyer, J. F. (2016). Hemolymph circulation in insect flight 
appendages: physiology of the wing heart and circulatory flow in the wings of the 
mosquito, Anopheles gambiae. Journal of Experimental Biology 219, 3945-3951. 

 Choma, M. A., Suter, M. J., Vakoc, B. J., Bouma, B. E. and Tearney, G. J. (2010). Heart 
wall velocimetry and exogenous contrast-based cardiac flow imaging in Drosophila 
melanogaster using Doppler optical coherence tomography. Journal of Biomedical Optics 
15, 056020. 

 Choma, M. A., Suter, M. J., Vakoc, B. J., Bouma, B. E. and Tearney, G. J. (2011). 
Physiological homology between Drosophila melanogaster and vertebrate cardiovascular 
systems. Disease Models & Mechanisms 4, 411-420. 

 Curtis, N. J., Ringo, J. M. and Dowse, H. B. (1999). Morphology of the pupal heart, adult 
heart, and associated tissues in the fruit fly, Drosophila melanogaster. Journal of 
Morphology 240, 225-235. 

 Dietzl, G., Chen, D., Schnorrer, F., Su, K. C., Barinova, Y., Fellner, M., Gasser, B., 
Kinsey, K., Oppel, S., Scheiblauer, S. et al. (2007). A genome-wide transgenic RNAi 
library for conditional gene inactivation in Drosophila. Nature 448, 151-156. 

 Drechsler, M., Schmidt, A. and Paululat, A. (2013). The ADAMTS-like protein Lonely heart 
mediates fibrillar Pericardin matrix formation essential for cardiac integrity in Drosophila 
melanogaster. PLoS Genetics 9, e1003616. 

 Fang, J., Dagenais, S. L., Erickson, R. P., Arlt, M. F., Glynn, M. W., Gorski, J. L., Seaver, 
L. H. and Glover, T. W. (2000). Mutations in FOXC2 (MFH-1), a forkhead family 
transcription factor, are responsible for the hereditary lymphedema-distichiasis syndrome. 
American Journal of Human Genetics 67, 1382-1388.  

 Fink, M., Callol-Massot, C., Chu, A., Ruiz-Lozano, P., Izpisua Belmonte, J. C., Giles, W., 
Bodmer, R. and Ocorr, K. (2009). A new method for detection and quantification of 
heartbeat parameters in Drosophila, zebrafish, and embryonic mouse hearts. 
BioTechniques 46, 101-113. 

 Glenn, J. D., King, J. G. and Hillyer, J. F. (2010). Structural mechanics of the mosquito 
heart and its function in bidirectional hemolymph transport. The Journal of Experimental 
Biology 213, 541-550. 

 Gu, G. G. and Singh, S. (1995). Pharmacological analysis of heartbeat in Drosophila. 
Journal of Neurobiology 28, 269-280. 

Jo
ur

na
l o

f E
xp

er
im

en
ta

l B
io

lo
gy

 •
 A

dv
an

ce
 a

rt
ic

le



 Hallier, B., Hoffmann, J., Roeder, T., Tögel, M., Meyer, H. and Paululat, A. (2015). The 
bHLH transcription factor Hand regulates the expression of genes critical to heart and 
muscle function in Drosophila melanogaster. PLoS ONE 10, e0134204. 

 Hetz, S. K., Psota, E. and Wasserthal, L. T. (1999). Roles of aorta, ostia and trachea in 
heartbeat and respiratory gas exchange in pupae of Troides rhadamantus Staudinger 
1888 and Ornithoptera priamus L. 1758 (Lepidoptera, Papilionidae). International Journal 
of Insect Morphology & Embryology 28, 131-144. 

 Iklé, J., Elwell, J. A., Bryantsev, A. L. and Cripps, R. M. (2008). Cardiac expression of the 
Drosophila Transglutaminase (CG7356) gene is directly controlled by myocyte enhancer 
factor-2. Dev Dyn 237, 2090-2099. 

 League, G. P., Onuh, O. C. and Hillyer, J. F. (2015). Comparative structural and functional 
analysis of the larval and adult dorsal vessel and its role in hemolymph circulation in the 
mosquito Anopheles gambiae. Journal of Experimental Biology 218, 370-380. 

 Lehmacher, C., Abeln, B. and Paululat, A. (2012). The ultrastructure of Drosophila heart 
cells. Arthropod Structure & Development 41, 459-474. 

 Lehmacher, C., Tögel, M., Pass, G. and Paululat, A. (2009). The Drosophila wing hearts 
consist of syncytial muscle cells that resemble adult somatic muscles. Arthropod Structure 
& Development 38, 111-123. 

 Medioni, C., Astier, M., Zmojdzian, M., Jagla, K. and Sémériva, M. (2008). Genetic control 
of cell morphogenesis during Drosophila melanogaster cardiac tube formation. Journal of 
Cell Biology 182, 249-261. 

 Medioni, C., Sénatore, S., Salmand, P. A., Lalevée, N., Perrin, L. and Sémériva, M. 
(2009). The fabulous destiny of the Drosophila heart. Current Opinion in Genetics & 
Development 19, 518-525. 

 Miller, A. (1950). The internal anatomy and histology of the imago. In Biology of Drosophila,  
(ed. M. Demerec), pp. 420-534. New York,: John Wiley & Sons, Inc. 

 Molina, M. R. and Cripps, R. M. (2001). Ostia, the inflow tracts of the Drosophila heart, 
develop from a genetically distinct subset of cardial cells. Mechanisms of Development 
109, 51-59. 

 Monier, B., Astier, M., Sémériva, M. and Perrin, L. (2005). Steroid-dependent modification 
of Hox function drives myocyte reprogramming in the Drosophila heart. Development 132, 
5283-5293. 

 Morin, X., Daneman, R., Zavortink, M. and Chia, W. (2001). A protein trap strategy to 
detect GFP-tagged proteins expressed from their endogenous loci in Drosophila. 
Proceedings of the National Academy of Sciences (USA) 98, 15050-15055. 

 Ocorr, K., Akasaka, T. and Bodmer, R. (2007). Age-related cardiac disease model of 
Drosophila. Mechanisms of Ageing and Development 128, 112-116.  

 Ocorr, K., Vogler, G. and Bodmer, R. (2014). Methods to assess Drosophila heart 
development, function and aging. Methods 68, 265-272. 

 Paululat, A. and Heinisch, J. J. (2012). New yeast/E. coli/Drosophila triple shuttle vectors 
for efficient generation of Drosophila P element transformation constructs. Gene 511, 300-
305.  

 Rasband, W. S. (1997-2016). ImageJ: U. S. National Institutes of Health, Bethesda, 
Maryland, USA, http://imagej.nih.gov/ij/. 

 Ray, V. M. and Dowse, H. B. (2005). Mutations in and deletions of the Ca2+ channel-
encoding gene cacophony, which affect courtship song in Drosophila, have novel effects 
on heartbeating. J Neurogenet 19, 39-56. 

 Rizki, T. M. (1978). The circulatory system and associated cells and tissues. In The Genetics 
and Biology of Drosophila, vol. 2b eds. M. Ashburner and T. R. F. Wright), pp. 397-452: 
Academic Press, New York, NY. 

 Rotstein, B. and Paululat, A. (2016). On the morphology of the Drosophila heart. Journal of 
Cardiovascular Development and Disease 3, 15. 

 Ryan, K. M., Hoshizaki, D. K. and Cripps, R. M. (2005). Homeotic selector genes control 
the patterning ofseven-upexpressing cells in theDrosophiladorsal vessel. Mechanisms of 
Development 122, 1023-1033. 

Jo
ur

na
l o

f E
xp

er
im

en
ta

l B
io

lo
gy

 •
 A

dv
an

ce
 a

rt
ic

le



 Sanyal, S., Jennings, T., Dowse, H. and Ramaswami, M. (2006). Conditional mutations in 
SERCA, the Sarco-endoplasmic reticulum Ca(2+)-ATPase, alter heart rate and rhythmicity 
inDrosophila. Journal of Comparative Physiology B 176, 253-263. 

 Sellin, J., Albrecht, S., Kölsch, V. and Paululat, A. (2006). Dynamics of heart 
differentiation, visualized utilizing heart enhancer elements of 
theDrosophilamelanogasterbHLH transcription factor Hand. Gene Expression Patterns 6, 
360-375. 

 Sénatore, S., Rami Reddy, V., Sémériva, M., Perrin, L. and Lalevée, N. (2010). Response 
to mechanical stress is mediated by the TRPA channel painless in the Drosophila heart. 
PLoS Genet 6, e1001088. 

 Sessions, A. O., Kaushik, G., Parker, S., Raedschelders, K., Bodmer, R., Van Eyk, J. E. 
and Engler, A. J. (2016). Extracellular matrix downregulation in the Drosophila heart 
preserves contractile function and improves lifespan. Matrix Biology, 1-13. 

 Sláma, K. and Farkaš, R. (2005). Heartbeat patterns during the postembryonic development 
of Drosophila melanogaster. Journal of Insect Physiology 51, 489-503. 

 Somsel Rodman, J. and Wandinger-Ness, A. (2000). Rab GTPases coordinate 
endocytosis. Journal of Cell Science 113 Pt 2, 183-192. 

 Tang, M., Yuan, W., Bodmer, R., Wu, X. and Ocorr, K. (2014). The role of Pygopus in the 
differentiation of intracardiac valves in Drosophila. Genesis 52, 19-28. 

 Tögel, M., Pass, G. and Paululat, A. (2008). The Drosophila wing hearts originate from 
pericardial cells and are essential for wing maturation. Developmental Biology 318, 29-37. 

 Vogler, G. and Ocorr, K. (2009). Visualizing the beating heart in Drosophila. Journal of 
visualized experiments : JoVE. 

 Wang, J., Tao, Y., Reim, I., Gajewski, K., Frasch, M. and Schulz, R. A. (2005). 
Expression, regulation, and requirement of the Toll transmembrane protein during dorsal 
vessel formation in Drosophila melanogaster. Molecular and Cellular Biology 25, 4200-
4210. 

 Wasserthal, L. T. (1999). Functional morphology of the heart and of a new cephalic pulsatile 
organ in the blowfly Calliphora vicina (Diptera: Calliphoridae) and their roles in hemolymph 
transport and tracheal ventilation. International Journal of Insect Morphology & 
Embryology 28, 111-129. 

 Wasserthal, L. T. (2007). Drosophila flies combine periodic heartbeat reversal with a 
circulation in the anterior body mediated by a newly discovered anterior pair of ostial 
valves and ;venous' channels. Journal of Experimental Biology 210, 3707-3719. 

 Wessells, R. J. and Bodmer, R. (2007). Age-related cardiac deterioration: insights from 
Drosophila. Frontiers in Bioscience 12, 39-48. 

 Wu, M. and Sato, T. N. (2008). On the mechanics of cardiac function of Drosophila embryo. 
PLoS ONE 3, e4045. 

 Wu, B., Wang, Y., Xiao, F., Butcher, J.T., Yutzey, K.E. and Zhou, B. (2016) 
Developmental mechanisms of aortic valve malformation and disease. Annual Review of 
Physiology 79: 21-41. 

 Zaffran, S., Reim, I., Qian, L., Lo, P. C., Bodmer, R. and Frasch, M. (2006). Cardioblast-
intrinsic Tinman activity controls proper diversification and differentiation of myocardial 
cells in Drosophila. Development 133, 4073-4083. 

 Zeitouni, B., Sénatore, S., Severac, D., Aknin, C., Sémériva, M. and Perrin, L. (2007). 
Signalling Pathways Involved in Adult Heart Formation Revealed by Gene Expression 
Profiling in Drosophila. PLoS Genet 3, 1907-1921. 

 Zhu, Y. C., Uradu, H., Majeed, Z. R. and Cooper, R. L. (2016). Optogenetic stimulation of 
Drosophila heart rate at different temperatures and Ca2+ concentrations. Physiological 
Reports 4, e12695. 

Jo
ur

na
l o

f E
xp

er
im

en
ta

l B
io

lo
gy

 •
 A

dv
an

ce
 a

rt
ic

le



 

Supplementary Material 

 

 

 

Recording S1 

Heartbeat of a dissected semi-intact 3rd-instar larva. The recording shows a single heartbeat. The 

movement of the intracardiac valve cells and their dynamic shape change is seen.  This recording 

was used to prepare Fig. 1. Recording speed: 200 fps. Playback speed: 10 fps. 
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http://movie.biologists.com/video/10.1242/jeb.156265/video-1


 

 

 

 

Recording S2a 

Slow-motion video illustrates the entry of a red-coloured polystyrene particle into the heart 

chamber. Recording speed: 200 fps. Playback speed: 10 fps. 
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Recording S2b 

Slow-motion video showing a single particle (labelled red) that passes the intracardiac valve. Three 

additional particles are labelled to illustrate their movements. Recording speed: 200 fps. Playback 

speed: 10 fps. 
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Recording S2c 

Slow-motion video demonstrating the backflow of a polystyrene particle. The particle (labelled in 

red) passes the intracardiac valve, stops and flows back from the aorta into the heart chamber. 

Recording speed: 200 fps. Playback speed: 10 fps. 
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Recording S3 

Heartbeat in a dissected 3rd-instar larvae in real time. EGTA added shortly after the recording starts. 

Recording speed: 200 fps. Playback speed: 200 fps. 
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Recording S4 

Heartbeat in an intact white prepupa after injection of coloured polystyrene articles in real time. A 

particle was tracked manually by frame-to-frame analysis and labelled with a red dot. Corresponds 

to Fig. 2E. Recording speed: 200 fps. Playback speed: 50 fps. 
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