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Abstract
During mating, C. elegans males whose tails have reached the head or tail of their intended mates are able to switch to
scanning the other side by performing a turn during which the male’s tail curls ventrally all the while keeping in contact with
the hermaphrodite. The ability to execute turns efficiently is dependent upon serotonergic neurons in the posterior ventral
nerve cord that stimulate diagonal muscles by activating a serotonin receptor, SER-1. Here we show that turning behavior is
abnormal in males lacking a cGMP-dependent protein kinase, EGL-4. egl-4 mutant males are also resistant to ventral tail
curling induced by exogenous serotonin.
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Figure 1 : A. Graph showing the fraction of males of the genotypes indicated that responded to wild-type hermaphrodites
within 10 minutes. Error bars indicate 95% confidence intervals. At least 16 males of each genotype were assayed. For these
assays, males were placed on plates containing 10 wild-type hermaphrodites. B. Graph showing the fraction of egl-4 mutant
males that responded when males were placed on plates containing 30 hermaphrodites. Error bars indicate 95% confidence
intervals. C. Graph showing the proportion of turns initiated by males of the indicated genotypes that were successful. The
criteria used to judge turns as good, sloppy or missed were those described previously (Loer and Kenyon, 1993): A turn was
judged to be “good” if the male’s tail was in continuous contact with the hermaphrodite throughout the turn. A “sloppy” turn is
defined as a turn in which the male succeeded in making the turn but the tail lost contact with the hermaphrodite during the
turn. A turn is said to have been missed if the male’s tail sailed off the end of the hermaphrodite and contact was not
reestablished. **** indicates P<0.0001 (Fisher’ exact test). For turning assays, 30 hermaphrodites were placed on a thin
bacterial lawn generated with 13 μl of a culture of OP50 bacteria. Under these conditions, 20/20 egl-4(n477) and 27/28 egl-
4(n478) males responded to an hermaphrodite within 10 minutes and most responded within five minutes. D. Graph showing
the percentage of males with ventrally curled tails at different time points after the addition of serotonin. Males were placed in
M9 medium in the wells of microtiter plates and serotonin hydrochloride was added to give a final concentration of 20 mM. 10
males were placed in each well. A total of 60 animals was analyzed for each genotype. Error bars indicate 95% confidence
intervals.

Description
C. elegans males that have come into close proximity of hermaphrodites initiate copulatory behavior comprising at least five
different steps termed response, turning, location of vulva, spicule insertion and sperm transfer (Loer and Kenyon 1993, Liu
and Sternberg 1995, Chute and Srinivasan 2014). Mutations specifically affecting different steps have been isolated and
characterized (Barr and Sternberg 1999, Hajdu-Cronin et al. 2017, Liu et al. 2017). However, our understanding of the
molecular mechanisms acting in the neurons controlling copulation is far from complete. During the response step, males that
have sensed the presence of a hermaphrodite move backwards in such a way that the male’s tail fan glides along the surface of
the hermaphrodite until the tail reaches the vulva (or head or tail) (Loer and Kenyon 1993, Liu and Sternberg 1995, Sherlekar
and Lints 2014). Response behavior is regulated by ciliated neurons in the tail whose dendrites lie in sensory rays within the
fan (Liu and Sternberg 1995). If a male reaches the end of the hermaphrodite without having found the vulva, it executes a turn
during which the tail bends tightly ventrally so that contact is established between the ventral surface of the fan and the other
side of the intended mate (Loer and Kenyon 1993, Liu and Sternberg 1995). The ability to execute turns efficiently is
dependent upon serotonergic neurons in the posterior ventral nerve cord (the CP neurons) and on their ability to produce
serotonin (Loer and Kenyon 1993, Carnell et al. 2005). Serotonin stimulates the diagonal muscles in the tail to induce curling
ventrally by stimulating a serotonin receptor, SER-1 (Loer and Kenyon 1993, Carnell et al. 2005). However, how serotonin
affects diagonal muscles and ventral turning is not fully understood.

Characterization of the neural networks controlling copulation have indicated that many of the neurons involved have
overlapping functions (Liu and Sternberg 1995, Sherlekar and Lints 2014). Furthermore, genetic analysis of copulation has
suggested that some of the steps might be regulated by pathways that are genetically redundant. Thus, mutations affecting
different steps in copulation might be missed in forward genetic screens. The activities of some sensory neurons in C. elegans
and other species are modulated by the cyclic nucleotides cAMP or cGMP (Koelle 2018). An important effector of cAMP is
cAMP-dependent protein kinase (protein kinase A), whose regulatory subunit is encoded in C. elegans by kin-2. However, kin-
2 mutant males as well those mutant for kin-29, F47F2.1 or pde-4, which all affect cAMP-dependent signaling, were not
obviously defective in their response to hermaphrodites (Fig. 1A). An important effector of cGMP in C. elegans is EGL-4, a
cGMP-dependent protein kinase (Daniels et al. 2000, Hirose et al. 2003). egl-4 loss-of-function mutant males tended to
respond slightly less efficiently than wild-type males in standard response assays (Fig. 1A) but in the presence of a large
excess of hermaphrodites almost all egl-4 mutant males were able to respond (Fig. 1B). However, while conducting these
assays we noticed that the egl-4 loss-of-function mutant males were defective in their turning behavior and frequently became
detached from the hermaphrodite while attempting turns. Quantification of this defect revealed that, compared to those
performed by wild-type males, many more of the attempted turns made by egl-4 mutant males were aberrant (Fig. 1C). The
turning defect of egl-4 mutant males is similar to that displayed by cat-1 mutant males, which have a reduced ability to
synthesize serotonin (Loer and Kenyon 1993). Aberrant turning behavior likely contributes to the reduced ability of egl-4
mutant males to sire progeny in crosses (Daniels et al. 2000).

Application of exogenous serotonin to wild-type males induces tight ventral curling of the tail (Loer and Kenyon 1993). In
hermaphrodites, serotonin signaling induces egg-laying and a behavioral state termed dwelling characterized by (among other
things) reduced locomotion (Trent et al. 1983, Flavell et al. 2013). Both egg-laying and dwelling behavior are also regulated
by egl-4 (Fujiwara et al. 2002, Raizen et al. 2006). Furthermore, extended exposure of wild-type hermaphrodites to serotonin
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induces paralysis but egl-4 loss-of-function mutant hermaphrodites are partially resistant to paralysis (Olson and Koelle 2019).
Consistent with these results, induction of tail curling by exogenous serotonin was less efficient in egl-4 mutant males than in
wild type (Fig. 1D). It has previously been shown that whereas SER-1 promotes tail curling, a serotonin-gated chloride
channel, MOD-1, has the opposite effect (Carnell et al. 2005). Similarly, mod-5 mutant hermaphrodites are hypersensitive to
serotonin-induced paralysis (Olson and Koelle 2019). Thus, models in which EGL-4 either promotes SER-1 activity in
diagonal muscles or inhibits MOD-1 activity are consistent with our observations. A further possibility is that EGL-4 acts in a
pathway activated by SER-1.

Methods
Request a detailed protocol

Male response and turning assays

Males of all genotypes were obtained by RNAi of him-8 and klp-16 (Timmons et al. 2014). Turning behaviour, and the
response of males to hermaphrodites were assessed by procedures described previously (Loer and Kenyon 1993, Liu and
Sternberg 1995). In both cases, wild-type hermaphrodites were used in the assays. For the turning assays, more than 60
turns/attempted turns were observed for each genotype. More than 20 different males were observed for each genotype. The
analysis of tail curling in response to exogenous serotonin was carried out as previously described (Loer and Kenyon 1993).
Males were placed in the wells of a microtiter plate and serotonin hydrochloride (obtained from Sigma-Aldrich) was added to
give a final concentration of 20 mM.

Reagents
Strain list.

Strain Genotype Available from

N2 Caenorhabditis elegans CGC

MT1072 egl-4(n477) CGC

MT1073 egl-4(n478) CGC

KG518 acy-1(ce2) CGC

VC2531 F47F2.1(gk1140) CGC

KG532 kin-2(ce179) CGC

PY1479 kin-29(oy38) CGC

RB1231 pde-4(ok1290) CGC

VC20501a acy-3(gk171494) CGC

aThis strain is from the million-mutation project and contains mutations in other genes.

References
Barr MM, Sternberg PW. 1999. A polycystic kidney-disease gene homologue required for male mating behaviour in C.
elegans. Nature 401: 386-9. PMID: 10517638.

Carnell L, Illi J, Hong SW, McIntire SL. 2005. The G-protein-coupled serotonin receptor SER-1 regulates egg laying and male
mating behaviors in Caenorhabditis elegans. J Neurosci 25: 10671-81. PMID: 16291940.

Chute CD, Srinivasan J. 2014. Chemical mating cues in C. elegans. Semin Cell Dev Biol 33: 18-24. PMID: 24977334.

Daniels SA, Ailion M, Thomas JH, Sengupta P. 2000. egl-4 acts through a transforming growth factor-beta/SMAD pathway in
Caenorhabditis elegans to regulate multiple neuronal circuits in response to sensory cues. Genetics 156: 123-41. PMID:
10978280.

Flavell SW, Pokala N, Macosko EZ, Albrecht DR, Larsch J, Bargmann CI. 2013. Serotonin and the neuropeptide PDF initiate
and extend opposing behavioral states in C. elegans. Cell 154: 1023-1035. PMID: 23972393.

 

8/18/2021 - Open Access

https://en.bio-protocol.org/cjrap.aspx?eid=10.17912/micropub.biology.000433


 

Fujiwara M, Sengupta P, McIntire SL. 2002. Regulation of body size and behavioral state of C. elegans by sensory perception
and the EGL-4 cGMP-dependent protein kinase. Neuron 36: 1091-102. PMID: 12495624.

Hajdu-Cronin YM, Liu KS, Barber L, Chamberlin HM, Boorstein W, Sternberg PW. 2017. Copulation defective mutants of C.
elegans. microPublication Biology. DOI: 10.17912/W2XH3S

Hirose T, Nakano Y, Nagamatsu Y, Misumi T, Ohta H, Ohshima Y. 2003. Cyclic GMP-dependent protein kinase EGL-4
controls body size and lifespan in C elegans. Development 130: 1089-99. PMID: 12571101.

Koelle, MR. Neurotransmitter signaling through heterotrimeric G proteins: insights from studies in C. elegans. 2018.
WormBook. DOI: 10.1895/wormbook.1.75.2

Liu KS, Sternberg PW. 1995. Sensory regulation of male mating behavior in Caenorhabditis elegans. Neuron 14: 79-89.
PMID: 7826644.

Liu K, Hajdu-Cronin Y, Chen A, Schindelman G, Whittaker A, Gharib S, Sternberg PW. 2017. Screening for C. elegans male
copulation-defective mutants by the mating plug phenotype. microPublication Biology. DOI: 10.17912/W2SS9K

Loer CM, Kenyon CJ. 1993. Serotonin-deficient mutants and male mating behavior in the nematode Caenorhabditis elegans. J
Neurosci 13: 5407-17. PMID: 8254383.

Olson, A. C. and M. R. Koelle (2019). The protein kinase G orthologs, EGL-4 and PKG-2, mediate serotonin-induced
paralysis of C. elegans. microPublication Biology. DOI: 10.17912/micropub.biology.000115

Raizen DM, Cullison KM, Pack AI, Sundaram MV. 2006. A novel gain-of-function mutant of the cyclic GMP-dependent
protein kinase egl-4 affects multiple physiological processes in Caenorhabditis elegans. Genetics 173: 177-87. PMID:
16547093.

Sherlekar AL, Lints R. 2014. Nematode Tango Milonguero - the C. elegans male's search for the hermaphrodite vulva. Semin
Cell Dev Biol 33: 34-41. PMID: 24862858.

Timmons L, Luna H, Martinez J, Moore Z, Nagarajan V, Kemege JM, Asad N. 2014. Systematic comparison of bacterial
feeding strains for increased yield of Caenorhabditis elegans males by RNA interference-induced non-disjunction. FEBS Lett
588: 3347-51. PMID: 25066299.

Trent C, Tsuing N, Horvitz HR. 1983. Egg-laying defective mutants of the nematode Caenorhabditis elegans. Genetics 104:
619-47. PMID: 11813735.

 

Funding: The work was supported by a grant from Insamlingsstiftelsen

Author Contributions: Shapour Rahmani: Conceptualization, Investigation, Visualization, Writing - original draft, Writing -
review and editing. Simon Tuck: Funding acquisition, Investigation, Supervision, Writing - review and editing.

Reviewed By: Anonymous

History: Received July 7, 2021  Revision received August 11, 2021  Accepted August 11, 2021  Published August 18, 2021

Copyright: © 2021 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: Rahmani, S; Tuck, S (2021). EGL-4 promotes turning behavior of C. elegans males during mating. microPublication
Biology. https://doi.org/10.17912/micropub.biology.000433

 

8/18/2021 - Open Access


