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Abstract
We show that disruption of the CG31997 gene on the fourth chromosome of Drosophila melanogaster by grooveless
mutations results in loss of the scutoscutellar sulcus, the hinge-like region between the two major divisions of the fly
thorax necessary for normal wing movement in flight. This gene belongs to a family of arthropod secreted proteins with a
single von Willebrand factor type C domain, and our study expands the biological roles of these enigmatic proteins to
include morphogenesis.
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Figure 1. The phenotypic and molecular characterization of the grooveless gene:

(A) Dorsal view of a wild type fly showing the marked indentation of the dorsal thorax between the scutum and scutellum
forming the scutoscutellar sulcus (marked by arrowheads in all panels). (B) Lateral view of a wild type fly with its left
wing removed to demonstrate the typical depth of a sulcus. (The fly in panel A came from stock 6599; the fly in panel B
from stock 64349.) (C) Dorsal view of a grooveless (gvl) mutant (a CG31997P homozygote) showing a nearly complete
absence of the sulcus. (D and E) Lateral views of grooveless mutants (a gvl1 homozygote in D and a CG31997P

homozygote in E) with very shallow sulci. (Panels C and E show the same fly.) (F) Lateral view of another CG31997P

homozygote with clotted, melanized hemolymph (arrows) at the lateral end of an abnormally shallow sulcus, below the
humeral bristles and above and posterior to the sternopleural bristles. (G) Whole-genome sequencing of gvl1 homozygotes
revealed a 545 bp deletion removing 5’ UTR and adjacent intergenic sequences. Previous work by the Fourth
Chromosome Resources Project demonstrated that CG31997P is a five bp deletion likely causing frameshift truncation of
the CG31997 protein.
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Description
In 1933, Calvin Bridges discovered a recessive mutation on the Drosophila melanogaster fourth chromosome that reduces
or eliminates the scutoscutellar sulcus—the transverse groove separating the larger subdivision of the notum, the scutum,
from the smaller subdivision, the scutellum. He named the mutated gene grooveless (gvl) for this phenotype (Bridges
1935). Figures 1A and B show wild type thoraces while Figures 1C–E show the grooveless phenotype. Bridges noted that
clotted hemolymph is sometimes seen in mutants at the lateral ends of sulci and near the sternopleural and humeral bristles
(Figure 1F). The original mutation, gvl1, has been used as a recessive visible marker for tracking the fourth chromosome
and mapping mutations, but has otherwise received little attention—even though flexion between the scutum and
scutellum at the scutoscutellar sulcus is a part of normal flight (Boettinger and Furshpan 1952; Miyan and Ewing 1985).

 

Sturtevant (Sturtevant 1951) and Hochman (Hochman et al. 1964) localized gvl to the proximal part of the fourth
chromosome. Unpublished work by the DrosDel consortium (Ryder et al. 2007) documented in FlyBase (Öztürk-Çolak et
al. 2024) further localized gvl to a genomic interval encompassed by Df(4)ED6366 containing eight protein-coding genes
and three noncoding RNA genes. Hochman and colleagues showed that gvl1 complemented all mutations in loci necessary
for viability identified in their extensive characterization of the fourth chromosome (Hochman 1976). Because they
isolated mutations in nearly every fourth chromosome gene that could be mutated to lethality (Weasner et al. 2025), the
null phenotype of gvl is unlikely to be lethality.

 

We verified the DrosDel mapping of gvl1 to Df(4)ED6366 and complementation tested gvl1 against loss-of-function
mutations in the eight protein-coding genes within the region of Df(4)ED6366: AnkA, AnkJ, anneD, CG32006CR70476-kG4,
CG31997CR70475-TG4.1, CG33978B, Arl4D, Abcd1A, Abcd1K and panciD (though Hochman (1976) demonstrated that gvl1

was not an allele of pan). We found that gvl1 and Df(4)ED6366 failed to complement CG31997CR70475-TG4.1 and that
flies homozygous for this allele show shallow scutoscutellar sulci. Subsequently, another CG31997 allele (CG31997P)
became available from the Fourth Chromosome Resource Project (Weasner et al. 2025). It is a frameshift mutation
(deletion of bases 4:155817 through 155821) predicted to add an arginine after residue 28 of the 147-amino acid CG31997
protein before truncating the protein; consequently, it is likely a null allele. It failed to complement gvl1,
CG31997CR70475-TG4.1 and Df(4)ED6366 as well as a derivative of CG31997CR70475-TG4.1 called CG31997CR70475-

DH.PT-GFSTF.1, and it showed the abnormal sulcus phenotype when homozygous. Interestingly, many flies from
noncomplementing crosses involving CG31997P and many flies homozygous for CG31997P showed scutellar, humeral
and/or sternopleural clots—phenotypes we did not see as frequently in stocks with other alleles or in crosses involving
alleles other than CG31997P. Since hemolymph leakage seems particularly deleterious, we suspect suppressors of this
phenotype accumulate in gvl stocks. Heteroallelic flies with gvl1, CG31997CR70475-TG4.1 or CG31997CR70475-DH.PT-

GFSTF.1 combined with CG31997P and flies with CG31997P combined with Df(4)ED6366 were capable of flight, but we
did not assess flight duration or efficiency, nor the details of thoracic movement.

 

Whole-genome sequencing of Bloomington Drosophila Stock Center stocks 640 and 650 showed that gvl1 is a 545 bp
deficiency (bases 4:155948 through 4:156492 deleted) removing 72% of the CG31997 5’ UTR and 29% of the adjacent
CG31997–CG33978 intergenic region (Figure 1G). Thirty-three bp of unknown origin (AAAAAAAAATAAAATTAAAT
ACAAATTTAATTG) are inserted at the breakpoint junction.

 

CG31997, which we now call grooveless, encodes a protein with a single von Willibrand factor type C (SVWC) domain
and a cell export signal, but no other known protein motifs (Sheldon et al. 2007). Proteins with a SVWC domain appear to
be restricted to arthropods, but the biological functions of very few of these proteins are known (Labropoulou et al. 2024).
Of the fourteen D. melanogaster genes annotated as SVWC genes in FlyBase (Öztürk-Çolak et al. 2024), only Vago has
been characterized in depth. It encodes a protein with interferon-like activities in immunity (Xia et al. 2025). Our
molecular identification of gvl represents the first example of a SVWC gene involved in morphogenesis and offers new
opportunities to study thoracic development and the role of the hinge-like movement of the scutum and scutellum in the
mechanics of flight.
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Methods
The stocks used in complementation tests are listed in the Reagents Table. More information about these stocks may be
obtained via the website for the Bloomington Drosophila Stock Center (https://bdsc.indiana.edu/). Genetic nomenclature
and gene models reflect FlyBase release 2025_5 (Öztürk-Çolak et al. 2024). DNA was extracted from frozen samples of
15 adult flies using standard protocols and sequenced as single-end reads on the Ultima Genomics platform by the
University of Minnesota Model Organism Sequencing Service (https://genomics.umn.edu/service/model-organism-
sequencing). DNA yields averaged 1,082 ng per sample with mean NanoDrop A260/280 and A260/230 ratios of 1.83 and
0.79. For stocks 640 and 650, mean genome coverages were 57x and 77x and alignment rates to the D. melanogaster
Release 6 reference genome assembly were 94.17% and 87.48%, respectively.

Reagents

Stock
number Genotype RRID Reference

640 ci1 gvl1 bt1 RRID:BDSC_640 Bridges
1935

641 ci1 gvl1 eyR svn RRID:BDSC_641 Bridges
1935

650 gvl1 RRID:BDSC_650 Bridges
1935

1634 Dp(1;Y)y+/y1; cn1 l(2)**/SM1; e1; gvl1 RRID:BDSC_1634 Bridges
1935

6599 y1 w67c23 RRID:BDSC_6599  

8067 w1118; Df(4)ED6366, P{w+mW.Scer\FRT.hs3=3'.RS5+3.3'}Abcd1ED6366

panED6366/Dp(2;4)eyD, AblpeyD: eyD RRID:BDSC_8067 Ryder et
al. 2007

9422 w1118; Df(4)ED6369,
P{w+mW.Scer\FRT.hs3=3'.RS5+3.3'}ED6369/l(4)102EFf1

RRID:BDSC_9422 Ryder et
al. 2007

64349 Canton-S RRID:BDSC_64349  

97181 y1 w*; TI{GFP3xP3.cLa=CRIMIC.TG4.1}CG31997CR70475-TG4.1 RRID:BDSC_97181 Lee et al.
2018

97333 y1 w*; TI{GFP3xP3.cLa=SA-KozakGAL4}CG32006CR70476-kG4/In(4)ciD,
ciD panciD RRID:BDSC_97333 Kanca et

al. 2022

97745 y1 w1118; TI{DH.1}CG31997CR70475-DH.PT-GFSTF.1 RRID:BDSC_97745 Stinchfield
et al. 2024

602194 y1 w1118; TI{TI}FRT101F AnkA RRID:BDSC_602194 Weasner et
al. 2025

602199 y1 w1118; TI{TI}FRT101F Abcd1A RRID:BDSC_602199 Weasner et
al. 2025

605312 y1 w1118; TI{TI}FRT101F anneD/ In(4)ciD, ciD panciD RRID:BDSC_605312 Weasner et
al. 2025
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605963 y1 w1118; TI{TI}FRT101F CG33978B/ In(4)ciD, ciD panciD RRID:BDSC_605963 Weasner et
al. 2025

605964 y1 w1118; TI{TI}FRT101F Abcd1K/ In(4)ciD, ciD panciD RRID:BDSC_605964 Weasner et
al. 2025

605976 y1 w*; TI{TI}FRT101F AnkJ RRID:BDSC_605976 Weasner et
al. 2025

606073 y1 w1118; TI{TI}FRT101F Arl4D RRID:BDSC_606073 Weasner et
al. 2025

606864 y1 w*; TI{TI}FRT101F CG31997P RRID:BDSC_606864 Weasner et
al. 2025

Acknowledgements: The authors thank their colleagues at the University of Minnesota Model Organism Sequencing
Service for whole-genome sequencing and their colleagues at the Fourth Chromosome Resource Project (supported by
National Institutes of Health grant R24 OD028242) and the Bloomington Drosophila Stock Center for helpful discussions.
Stocks were obtained from the Bloomington Drosophila Stock Center supported by National Institutes of Health grant P40
OD018537. Genetic information was accessed via FlyBase, supported by National Institutes of Health grants U24
HG013300, U24 HG010859 and RO1 DK136945, UK Medical Research Council award MR/W024233/1 and funds from
the Wellcome Trust.

References
Boettinger EG, Furshpan E. 1952. The mechanics of flight movements in Diptera. The Biological Bulletin 102: 200-211.
DOI: 10.2307/1538368

Bridges CB. 1935. The mutants and linkage data of chromosome four of Drosophila melanogaster. Biologicheskii
Zhurnal. 4:401-420.

Hochman B. 1976. The fourth chromosome of Drosophila melanogaster. In: Ashburner M, Novitski E, editors. The
Genetics and Biology of Drosophila. New York: Academic Press. p. 903-928.

Hochman B, Gloor H, Green MM. 1964. Analysis of chromosome 4 in Drosophila melanogaster. I. Spontaneous and X-
ray-induced lethals. Genetica 35: 109-126. DOI: 10.1007/BF01804879

Kanca O, Zirin J, Hu Y, Tepe B, Dutta D, Lin WW, et al., Bellen. 2022. An expanded toolkit for Drosophila gene tagging
using synthesized homology donor constructs for CRISPR-mediated homologous recombination. eLife 11: 76077. DOI:
10.7554/eLife.76077

Labropoulou V, Wang L, Magkrioti C, Smagghe G, Swevers L. 2024. Single domain von Willebrand factor type C
“cytokines” and the regulation of the stress/immune response in insects. Archives of Insect Biochemistry and Physiology
115: 10.1002/arch.22071. DOI: 10.1002/arch.22071

Lee PT, Zirin J, Kanca O, Lin WW, Schulze KL, Li-Kroeger D, et al., Bellen. 2018. A gene-specific T2A-GAL4 library
for Drosophila. eLife 7: 35574. DOI: 10.7554/eLife.35574

Miyan JA, Ewing AW. 1985. How Diptera move their wings: a re-examination of the wing base articulation and muscle
systems concerned with flight. Philosophical Transactions of the Royal Society of London. B, Biological Sciences 311:
271-302. DOI: 10.1098/rstb.1985.0154

Öztürk-Çolak A, Marygold SJ, Antonazzo G, Attrill H, Goutte-Gattat D, Jenkins VK, et al., Lovato. 2024. FlyBase:
updates to the Drosophila genes and genomes database. Genetics 227: iyad211. DOI: 10.1093/genetics/iyad211

Ryder E, Ashburner M, Bautista-Llacer R, Drummond J, Webster J, Johnson G, et al., Russell. 2007. The DrosDel
deletion collection: a Drosophila genomewide chromosomal deficiency resource. Genetics 177: 615-629. DOI:
10.1534/genetics.107.076216

Sheldon TJ, Miguel-Aliaga I, Gould AP, Taylor WR, Conklin D. 2007. A novel family of single VWC‐domain proteins in
invertebrates. FEBS Letters 581: 5268-5274. DOI: 10.1016/j.febslet.2007.10.016

Stinchfield MJ, Weasner BP, Weasner BM, Zhitomersky D, Kumar JP, O’Connor MB, Newfeld SJ. 2023. Fourth
Chromosome Resource Project: a comprehensive resource for genetic analysis in Drosophila that includes humanized

 

3/20/2026 - Open Access

https://doi.org/10.2307/1538368
https://doi.org/10.1007/BF01804879
https://doi.org/10.7554/eLife.76077
https://doi.org/10.1002/arch.22071
https://doi.org/10.7554/eLife.35574
https://doi.org/10.1098/rstb.1985.0154
https://doi.org/10.1093/genetics/iyad211
https://doi.org/10.1534/genetics.107.076216
https://doi.org/10.1016/j.febslet.2007.10.016


 

stocks. Genetics 226: iyad201. DOI: 10.1093/genetics/iyad201

Sturtevant AH. 1951. A map of the fourth chromosome of Drosophila melanogaster, based on crossing over in triploid
females. Proc Natl Acad Sci U S A. 37: 405-407.

Weasner BM, Weasner BP, Cook KR, Stinchfield MJ, Kondo S, Saito K, Kumar JP, Newfeld SJ. 2025. A new Drosophila
melanogaster research resource: CRISPR-induced mutations for clonal analysis of fourth chromosome genes. G3: Genes,
Genomes, Genetics 15: jkaf006. DOI: 10.1093/g3journal/jkaf006

Xia H, Zhang C, Guo Z, Chen L, Chen K. 2025. The JAK‐STAT pathway in invertebrates: An emerging battleground for
host‒virus warfare. Insect Science : 10.1111/1744-7917.70109. DOI: 10.1111/1744-7917.70109

Funding: This work was supported by National Institutes of Health grant P40 OD018537.
 

Conflicts of Interest: The authors declare that there are no conflicts of interest present.

Author Contributions: Kevin R. Cook: conceptualization, funding acquisition, project administration, writing - review
editing, writing - original draft, investigation. Stephanie E. Mauthner: investigation, writing - review editing.

Reviewed By: Keith A. Maggert

Nomenclature Validated By: Anonymous

History: Received March 2, 2026 Revision Received March 17, 2026 Accepted March 16, 2026 Published Online
March 20, 2026 Indexed April 3, 2026

Copyright: © 2026 by the authors. This is an open-access article distributed under the terms of the Creative Commons
Attribution 4.0 International (CC BY 4.0) License, which permits unrestricted use, distribution, and reproduction in any
medium, provided the original author and source are credited.

Citation: Cook KR, Mauthner SE. 2026. The grooveless gene encodes a single von Willebrand factor type C domain
protein necessary for proper formation of the scutoscutellar sulcus in Drosophila melanogaster. microPublication Biology.
10.17912/micropub.biology.002111

 

3/20/2026 - Open Access

https://doi.org/10.1093/genetics/iyad201
https://doi.org/10.1093/g3journal/jkaf006
https://doi.org/10.1111/1744-7917.70109
https://doi.org/10.17912/micropub.biology.002111

