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Abstract 

 
Germline regulates the expression of life-history traits and mediates the trade-off between 
reproduction and somatic maintenance. However, germline maintenance in itself can be 
costly, and the costs can vary between the sexes depending on the number of gametes 
produced across the lifetime. We tested this directly by germline ablation using glp-1 RNAi 
in a dioecious nematode Caenorhabditis remanei. Germline removal strongly increased heat-
shock resistance in both sexes, thus confirming the role of the germline in regulating somatic 
maintenance. However, germline removal resulted in increased lifespan only in males. High 
costs of mating strongly reduced lifespan in both sexes and obliterated the survival benefit of 
germline-less males even though neither sex produced any offspring. Furthermore, germline 
removal reduced male growth before maturation but not in adulthood, while female growth 
rate was reduced both before and especially after maturation. Thus, germline removal 
improves male lifespan without major growth costs, while germline-less females grow slower 
and do not live longer than reproductively functional counterparts in the absence of 
environmental stress. Overall, these results suggest that germline maintenance is costlier for 
males than for females. 
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Introduction 

 
Ageing is the physiological deterioration of organismal function and increases the likelihood 
of death with age, thus limiting lifespan 1. Since the strength of selection is reduced with 
advancing age 2, evolutionary theory of ageing postulates that ageing evolves as a result of 
selection for genes with beneficial effects early in life, despite late-life costs 3 and 
accumulation of mutations with late-life effects 4. Since all cells are subject to wear and tear, 
long lifespan requires effective repair mechanisms, to perform somatic maintenance 5. High 
levels of maintenance can be costly, and evolution of long life is generally associated with 
trade-offs such as reduced reproduction, slow early life development and/or growth 638.  
 
Perhaps the most well-known trade-off is that between reproduction and lifespan 3 the so-
called 8cost of reproduction9 9. Traditionally, the major cost of reproduction in species 
without parental care has been seen as the direct cost of producing gametes 10. However, 
gamete production is not the only costly expenditure associated with the germline. While the 
soma is disposable, the germline stem cells are essentially immortal and germline is 
maintained across generations 5. This immortality should come with a cost of germline 
maintenance and repair 11. Indeed, several studies suggest that germline maintenance is costly 
12,13. For example, in Caenorhabditis elegans, there is a trade-off between somatic and 
germline maintenance 14 and low-condition (low quality) Drosophila melanogaster flies have 
more germline mutations, potentially because low-condition individuals invest less in high-
fidelity repair 15. Moreover, not only the germline genome but also its proteome seems to be 
protected to a higher degree than the somatic proteome 16,17. 
 
In theory, if the germline is experimentally removed, resources freed up from germline 
maintenance, could be used for increased somatic maintenance, and as a result, increased 
lifespan. In line with this hypothesis, germline removal in Drosophila 18 or C. elegans 

hermaphrodites 19321 is associated with increased lifespan. However, while early studies 
suggested that lifespan-extending effect of germline removal is evolutionarily conserved, 
germline ablation is not universally associated with lifespan extension across taxa, and 
instead can lead to increased growth 22. Similarly, germline removal resulted in increased 
somatic repair under stress in male zebrafish leading to enhanced re-growth of lost fin tissue 
23.   
 
The cost of germline maintenance is however likely to differ between males and females 11. 
The two sexes are often defined by the relative size of their gametes; while females produce 
fewer and larger gametes, male gametes are small and plentiful. This anisogamy results in 
different selection pressures for the two sexes 24, and this sex-specific selection often results 
in differences in lifespan 25. However, the sexes may also differ in the amount of germline 
maintenance required across life course. Since males produce more gametes than females, 
they also need to maintain and repair a larger number of germline stem cells throughout their 
life. Since maintenance of the germline and repair of mutations seems to be expensive 12,13,23, 
males are likely to pay a larger maintenance cost than females. As a consequence, removal of 
the germline is expected to extend the lifespan of males more than that of females 11.  
 
It is important to note that resource allocation is not the only and not necessarily even the 
main cause of life-history trade-offs. Reproduction and survival are shaped by cellular 
signalling networks. For example, the reproduction-lifespan trade-off is greatly influenced by 
the insulin/IGF-1(IIS) and mTOR signalling pathways 26,27. Genetic manipulations of these 
pathways have revealed that traits normally in trade-offs can be experimentally uncoupled 283
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30. Additionally, germline-soma signalling determines the effect of germline removal on 
lifespan. In particular, the somatic gonad (the non-germline component of the gonad) 
signalling is key for lifespan-extending effects of germline removal. If the whole gonad (both 
somatic gonad and germline) is ablated in C. elegans, lifespan is unaffected. Only when 
ablating the germline precursor cells, leaving the somatic gonad intact, is lifespan extended 
19. According to one model, the functioning germline blocks the somatic signal, which 
enables reproduction at the cost of reduced somatic maintenance 21. Following this logic, the 
lack of a germline mimics a non-proliferating germline, which enables the soma to carry out 
maintenance, resulting in extended lifespan 31,32. While this suggests that germline-soma 
signalling is key for lifespan extension, these experiments do not directly discount the 
potential for resource allocation trade-offs. It is possible that the presence of functional 
germline syphons resources into germline maintenance, away from somatic maintenance, as 
suggested by the 8expensive germline9 hypothesis 11,23.  
 
We set out to test the sex-specific effects of germline removal on stress resistance, 
development time, growth, body size and survival in the dioecious nematode Caenorhabditis 

remanei, a sister species to the well-known model organism C. elegans. Germline-less worms 
were produced using glp-1 RNAi. GLP-1 is a receptor in the LIN-12/Notch family which 
mediates the mitosis/meiosis decision in the C. elegans germline, and is therefore vital for 
germ line proliferation 33,34. GLP-1 is conserved across Caenorhabditis nematodes, including 
C. remanei 35. Most loss-of function mutations in the glp-1 gene make germ cells that would 
otherwise divide mitotically to instead go into meiosis, and as a result, in C. elegans, only a 
few sperms are produced, and no eggs 33. We found that germline removal increases stress 
resistance in both sexes, but the effects on growth and lifespan were highly sex-specific, 
suggesting that the germline regulates investment in life-history traits differently in males and 
females. 
 
 
Methodology 

 
Worm maintenance 

We used the wild-type SP8 strain of C. remanei, obtained from N. Timmermeyer at 
University of Tübingen. This is a cross of three other strains, and harbour substantial genetic 
variation (e.g. 36,37). Worms were maintained under standard laboratory conditions in dark 
incubators at 20°C on nematode growth medium (NGM) agar plates, following standard 
procedures 38. 
 
RNAi 

RNAi against C. remanei glp-1 was carried out by microinjection, essentially as described 
previously 35. First, total RNA was prepared from mixed stage C. remanei using TRIzol 
(ThermoFisher Scientific) and mechanical disintegration with a syringe with a 18-20 gauge 
needle. After chloroform extraction, RNA was precipitated by addition of isopropanol, 
washed with 75 % ethanol and dissolved in water. DNase I (ThermoFisher Scientific) 
digestion was performed according to the manufacturer9s instructions, followed by 
phenol/chloroform/isoamyl alcohol (25:24:1) extraction and ethanol precipitation. 
Subsequently, cDNA was prepared by reverse transcription using an oligo(dT)18 primer and 
RevertAid H Minus reverse transcriptase (ThermoFisher Scientific) according to the 
manufacturer9s instructions.  
 
glp-1 was PCR amplified from cDNA using Phusion DNA polymerase (ThermoFisher 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted December 8, 2023. ; https://doi.org/10.1101/2023.12.07.570570doi: bioRxiv preprint 

https://doi.org/10.1101/2023.12.07.570570
http://creativecommons.org/licenses/by-nc-nd/4.0/


 4 

Scientific) and primers CR41 and CR42 35, adding T7 promoters on each end. Cycling 
conditions were 98°C for 30 s, followed by 40 cycles of 98°C for 10 s, 55°C for 30 s and 
72°C for 30 s, and a final extension of 1 min. DNA encoding green fluorescent protein (gfp) 
to be used as non-target control for RNAi injections was amplified from plasmid pPD95.75 
using primers 241_GFP_forw_pPD95.75 (59-
TAATACGACTCACTATAGGGCAAATTTTCTGTCAGTGGAG-39) and 
242_GFP_rev_pPD95.75 (59-
TAATACGACTCACTATAGGGGTTACAAACTCAAGAAGGACC-39) with Phusion 
DNA polymerase using the same cycling conditions as for glp-1 but with 35 cycles.  
 
The glp-1 and gfp PCR products were used as templates for in vitro transcription using T7 
RNA polymerase (Life Technologies) according to the manufacturer9s instructions. RNA 
integrity was determined by agarose gel electrophoresis. In vitro transcribed dsRNA (1 
mg/ml) was injected into mated C. remanei females one day post L4 and progeny of injected 
mothers were DAPI stained at L4 stage as described previously 39.  
 
One hour after injection, worms were moved individually to new plates, where they were 
allowed to lay eggs for five hours (one hour for the development and size assays). Mothers 
were then kept on separate plates, where we monitored non-hatching eggs two days later. 
Offspring of mothers who laid hatching eggs after 5h were discarded. 
 
Eggs from the egg-laying plates were allowed to develop until L4, when they were isolated 
and used in the assays below (except for development and size assays, where they were 
followed from egg). Control worms (injected with gfp) were treated the in same manner. 
Germline removal using glp-1 RNAi completely abolished reproduction when worms were 
kept in mixed-sex groups. 
 
Heat shock assay 

Heat shock survival assays were performed on mated worms at day 2 of adulthood. Worms, 
in total 50 per sex and treatment, were placed in sex-specific groups of 10 worms on seeded 
35 mm NGM plates and placed in a climate chamber set to 40°C. Since males are more heat 
shock resistant than females 37, we ran separate assays for the two sexes. Therefore, females 
were subjected to heat-shock for 90 minutes, while males were exposed for 95 minutes. After 
the heat-shock, worms were returned to 20°C. Heat shock survival was scored 24h after the 
heat-shock treatment, and worms were considered dead if they did not respond to touch and 
showed no signs of pharyngeal pumping. 
  
Lifespan assay 

Lifespan assays for virgin worms were initiated by placing individual worms in late L4 stage 
on individual 35 mm NGM plates (n = 100 for each sex and treatment). Worms were then 
transferred daily to new plates. Worms were scored as dead if they did not respond to touch 
and pharyngal pumping had ceased. Missing worms and females dying of matricide (internal 
hatching of eggs) were censored. For the mated treatment (n = 50 for each sex and RNAi 
combination), worms were kept in company with a control individual from the opposite sex. 
Because of high infection rate of unwanted bacteria in the mated experiments, worms from 
infected plates were moved to plates containing the antibiotic kanamycin for the rest of the 
experiment. 
 
 
 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted December 8, 2023. ; https://doi.org/10.1101/2023.12.07.570570doi: bioRxiv preprint 

https://doi.org/10.1101/2023.12.07.570570
http://creativecommons.org/licenses/by-nc-nd/4.0/


 5 

Development time and size assay 

Newly injected worms were allowed to lay eggs for 1h. From 59 h after egg laying, plates 
were checked every hour, and sexually mature females (26 control and 15 glp-1) and males 
(19 control and 14 glp-1) were scored for development time to the nearest hour and 
photographed using a Lumenera Infinity2-5C digital microscope camera mounted on a Leica 
M165C stereo microscope. After photography, mature worms were kept individually on 35 
mm NGM plates and were moved to new plates each day. Four days after maturity, all 
individuals were photographed again (1 control female, 7 control males and 3 glp-1 males 
were lost before day 4). Since female size peak at day four, and male size has reached its 
asymptote 40, this day was chosen to represent adult size. Size was estimated as cross-section 
area (in mm2) and measured using the image analysis program ImageJ 
(https://imagej.nih.gov/ij/). 
 
Statistical analyses 

 
Heat shock survival was analysed as linear models with a binomial error distribution, where 
each plate (with 10 individuals) was a replicate. RNAi treatment was modelled as a fixed 
factor, and since each plate consist of one family, no random effect was added.  
 
Lifespan was analysed in Cox proportional hazard models with Gaussian random effects 
using the coxme package 41. RNAi treatment was fitted as a fixed effect, and family effects 
were accounted for by adding mother ID as a random effect. For the experiment with mated 
worms, we also added infection presence (yes, no) as a fixed factor, since plates with 
bacterial infection (which only occurred in these two experiments) were treated with the 
antibiotic kanamycin. 
 
Development time, size at maturity and adult size were analysed in linear mixed-effect 
models implemented in the package lme4 42. RNAi treatment was treated as a fixed effect, 
and family (mother ID) was modelled as a random effect. 
 
Results 

We found that germline removal increased heat shock resistance of both female (c2
 = 24.72, 

d.f. = 1, p < 0.001) and male (c2
 = 12.60, d.f. = 1, p < 0.001) worms (fig. 1).  

 
We also found a sex-specific lifespan effect for virgins (fig. 2). While germline removal did 
not influence lifespan of virgin females (z = -0.68, p = 0.490) it extended the lifespan of 
virgin males (z = -2.22, p = 0.027). In contrast, we did not find any lifespan effect of 
germline removal for mated worms (fig. S1), neither for females (z = 0.17, p = 0.870) nor for 
males (z = -0.07, p = 0.940). Interestingly, in the experiments on mated worms, 40 of 100 
female plates and 68 of 100 male plates were infected by unwanted bacteria and we found a 
strong effect of bacterial infection and the subsequent use of the antibiotic kanamycin on 
these infected plates, as it resulted in extended lifespan of both sexes (female: z = -3.50, p < 
0.001; male: z = -3.70, p < 0.001).  
 
Germline removal resulted in a delayed development time to sexual maturity for females (c2

 

= 9.26, d.f. = 1, p = 0.002), while the development time of males was not affected by 
germline removal (c2

 = 1.23, d.f. = 1, p = 0.268) (fig. 3A). Size at maturity was somewhat 
reduced (fig. 3B), although the effect on females was just non-significant (c2

 = 3.68, d.f. = 1, 
p = 0.055), while males significantly reduced size at maturity (c2

 = 4.83, d.f. = 1, p = 0.028). 
Caenorhabditis worms have most of their growth after maturity 40, but germline removal did 
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not have the same effect on adult size for the two sexes (fig. 3C). For females, germline 
removal resulted in a substantially smaller adult size (c2

 = 17.25, d.f. = 1, p < 0.001), while 
adult size was not affected by germline removal in males (c2

 = 0.48, d.f. = 1, p = 0.487).   
 
 
 

 
Figure 1. Sex-specific heat shock survival (proportion surviving) of control (purple) of germline-less glp-1 

treated (orange) worms. Error bars represent mean ± SE. Females were exposed to 40°C for 90 minutes, while 

the more heat-shock resistant males were exposed for 95 minutes, therefore the sexes should not be directly 

compared. 

 

 
Figure 2. Virgin lifespan for females and males. Colour represent control (purple) or germline-less glp-1 treated 

(orange) worms. 
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Figure 3. Development time (A), size at maturity (B) and adult size at day 4 of adulthood (C) for females and 

males. Colour represent control (purple) or germline-less glp-1 treated (orange) worms. Error bars represent 

mean ± SE. 
 
 
Discussion 

 
We found that germline removal using glp-1 RNAi results in increased heat-shock resistance 
in both sexes, but extended lifespan only in males. Since germline removal is predicted to 
free up resources previously allocated to germline maintenance 11,23, our findings suggest that 
germline maintenance could be more costly in males but the lifespan benefits may 
accumulate slowly over time.  
 
There is good evidence for substantial costs associated with maintaining the germline and 
protecting it from mutations 12,13. For example, in a virus, there is a trade-off between 
replication fidelity and population growth 43, and in Drosophila high replication fidelity that 
evolved in a high UV treatment was partly lost under relaxed selection 44. Moreover, a recent 
study showed that male zebrafish exposed to radiation increase the repair of their germline at 
the cost of somatic repair. In contrast, males without a germline instead upregulate their 
somatic repair, providing compelling evidence for trade-off between somatic maintenance 
and germline maintenance 23. However, little is known about sex-specific effects of germline 
removal. While females invest relatively more in each gamete, males instead produce a large 
number of relatively small gametes 24. Consequently, males need to maintain a larger number 
of germline stem cells than females do. If maintenance of the germline is costly, males are 
expected to pay a higher cost of germline maintenance. This could be particularly pronounced 
in species like C. remanei, where males have longer reproductive lifespan than females 40,45 
Our results support this hypothesis because germline removal increased male, but not female, 
lifespan. 
 
Germline removal robustly increased heat-shock resistance in both sexes. Upregulation of 
heat-shock proteins have a protective effect against a range of stressors 46 and is generally 
seen as indicating investment in somatic maintenance 47. In C. elegans, heat-shock resistance 
is downregulated at the onset of reproduction and germline removal reduces the repressive 
chromatin marks on the heat-shock transcription factor HSF-1, which increase heat-shock 
resistance and lifespan 48,49. In C. remanei, high heat-shock resistance is associated with high 
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condition 36, and the evolution of increased heat-shock resistance is costly, as it is traded off 
against investment in early-life traits 37. Our finding of increased heat-shock resistance in 
germline-less worms is thus in accordance with previous findings 48,49. 
 
Selection for stress resistance often results in the evolution of long lifespan 36,50, long-lived 
lines are often stress resistant 37, and mutations in classic longevity genes are often increasing 
stress resistance 51. Therefore, both stress resistance and lifespan are often used as proxies for 
investment in somatic maintenance 48. Our finding that heat-shock resistance is increased by 
germline removal in both sexes, but lifespan only in males, suggest that the germline 
influences these traits partly independently. Indeed, stress resistance and longevity can be 
experimentally decoupled 52. Moreover, in C. elegans hermaphrodites, glp-1 mutant worms, 
as well as worms subjected to dietary restriction, have extended lifespan and increased 
proteasome activity, suggesting a possible re-allocation of resources from germline to the 
soma through a stress response pathway that increase the proteasome activity 53. The 
increased proteasome activity in glp-1 mutants is mediated by DAF-16/FOXO and results in 
upregulation of rpn-6.1 (an essential subunit for the 26S/30S proteasome). However, while 
upregulated rpn-6.1 activity increases heat stress resistance, it only increases lifespan under 
stressful conditions 53. Thus, lifespan and heat-shock resistance should be seen as related but 
distinct measures of somatic maintenance, and since germline-less C. remanei males increase 
both lifespan and heat-shock resistance, this suggests that germline maintenance may be more 
costly in males than in females. 
 
Furthermore, germline removal reduced male growth before maturation but not in adulthood, 
while female growth rate was reduced both before and especially after maturation, where 
most growth occurs in C. remanei 40. Thus, germline removal improves male survival without 
any major growth costs, while germline-less females grow slower and do not live longer than 
reproductively functional counterparts in the absence of environmental stress. Body size is an 
important fitness-related trait in female nematodes 40,54 and a reduction in food amount 55 or 
quality 56 results in a reduction in body size. Since life-history traits such as lifespan and 
growth are often found to be negatively correlated 6,37,57, one could predict that females, 
instead of investing the freed up resources from germline removal in lifespan extension, 
would use if for increased growth. However, we find the opposite. Female C. remanei neither 
increase lifespan nor growth when the germline is removed, with the only benefit to somatic 
maintenance the females enjoy is increased heat-shock resistance. This could be either 
because fewer resources are being freed up by germline removal in females than in males, or 
because germline blocks the pro-longevity signalling only in males. These hypotheses are not 
mutually exclusive, and germline could potentially block pro-longevity signalling in males 
precisely because germline maintenance is costlier in males, who need to maintain 
functioning proliferative germline for longer in this species.  
 
Interestingly, ablating the germline causes gigantism in C. elegans. This process is, unlike 
lifespan extension, independent of daf-16 22. The gigantism is, however, not caused by 
increased growth rate but by continued growth after day 4 of adulthood, when C. elegans 
hermaphrodites normally cease growth. We did not find that germline-less C. remanei were 
larger at day 4 of adulthood, they were instead smaller and therefore showing reduced growth 
rate. Although we did not measure size in late life, it is possible that they, like germline-less 
C. elegans hermaphrodites 22, may not cease to grow after day 4.  
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Resource allocation or signalling trade-offs? 

The expensive germline hypothesis postulates that the absence of a germline would free up 
resources from germline maintenance that could instead be used for somatic maintenance 11. 
Specifically, this hypothesis predicts that germline removal should extend lifespan in non-
reproducing organisms and costs should be more pronounced in males who need to maintain 
larger number of germline stem cells across life course 11. Our results provide at least partial 
support as germline removal increased heat-shock survival in both sexes compared to virgin 
controls, but increased lifespan only in males.  
 
However, we also documented increased development time to maturity, reduced growth rate 
and smaller adult body size in females suggesting the germline removal has strong sex-
specific effects on the whole organism life-history. This poses the question if the sex-specific 
lifespan extension following germline removal is a consequence of more resources being 
freed up for somatic maintenance in germline-less males, or a result of sex-specific regulation 
of lifespan by the germline signalling? It is likely that resistance to heat-shock is beneficial to 
C.  remanei in their natural environment, and germline-mediated reduction in resistance could 
reduce fitness of an adult organism. However, it has been shown in C. elegans that resistance 
to heat-shock is downregulated in adult organisms following maturation 47. While this could 
be a result of resource allocation trade-off, it can also result from insufficient selection on 
late-life performance 29, especially because downregulation of heat-shock resistance occurs in 
ad libitum food and in a benign environment. Ultimately, future studies should aim to directly 
test for increased use of resources by somatic tissues following germline removal in both 
sexes.  
 
Cost of mating 

Notably, the survival benefit of germline-less males was only present if the worms were 
virgin. If mated, germline removal did not extend lifespan in any sex, even though neither sex 
produced any offspring. This suggests that high costs of mating strongly reduce lifespan in 
both sexes. In C. elegans, mating reduces lifespan in germline-less (glp-1) hermaphrodites 58 
and even the presence of males reduces lifespan of hermaphrodites through secreted 
compounds 59. Our findings that the effect of germline removal on lifespan was only 
detectable in virgin worms mirror a previous finding on the effect of rapamycin in C. 

remanei, where its effect on lifespan was stronger in virgin than in mated worms 40. 
 
Summary 

In summary, we found that germline removal increased heat-shock resistance of both sexes, 
but lifespan only in males. Moreover, females paid a cost of substantially reduced adult size, 
while male adult size was not affected. Together, these results suggest that germline 
differentially regulates male and female life-histories. The results are consistent with the 
hypothesis that germline maintenance is more costly for males than females, and this may be 
a substantial, but understudied, cost of reproduction in males 60. 
 
Author contribution 

MIL, BSM and AAM designed the experiment; AH, HC and EG performed the injections, 
BSM, HC and MIL performed the phenotypic assays, MIL analysed the data, MIL drafted the 
manuscript together with AAM. All authors contributed to the revision of the manuscript and 
gave final approval for publication. 
 
 
 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted December 8, 2023. ; https://doi.org/10.1101/2023.12.07.570570doi: bioRxiv preprint 

https://doi.org/10.1101/2023.12.07.570570
http://creativecommons.org/licenses/by-nc-nd/4.0/


 10 

Funding information 

This work was supported by the European Research Council [grants St-G AGINGSEXDIFF 
260885 and Co-G GermlineAgeingSoma 724909 to AAM] and the Swedish Research 
Council [grant no. 2020-04388 to MIL].  
 
Acknowledgements 

The authors are grateful to Dr. A. Liontos and Dr. Y. Zhao for technical assistance with 
RNAi constructs. 
 
Competing interests 

The authors declare no competing interests. 
 
 
References 

1. Rose, M. R. Evolutionary biology of aging. (Oxford University Press, 1991). 
2. Hamilton, W. D. The moulding of senescence by natural selection. Journal of Theoretical 

Biology 12, 12345 (1966). 
3. Williams, G. C. Pleiotropy, natural selection, and the evolution of senescence. Evolution 

11, 3983411 (1957). 
4. Medawar, P. B. An unresolved problem in biology. (Lewis, 1952). 
5. Kirkwood, T. B. L. Evolution of ageing. Nature 270, 3013304 (1977). 
6. Metcalfe, N. B. & Monaghan, P. Growth versus lifespan: perspectives from evolutionary 

ecology. Experimental Gerontology 38, 9353940 (2003). 
7. Ricklefs, R. E. Life-history connections to rates of aging in terrestrial vertebrates. PNAS 

107, 10314310319 (2010). 
8. Flatt, T. Survival costs of reproduction in Drosophila. Experimental Gerontology 46, 

3693375 (2011). 
9. Williams, G. C. Natural selection, the costs of reproduction, and a refinement of Lack9s 

principle. The American Naturalist 100, 6873690 (1966). 
10. Stearns, S. C. The evolution of life histories. (Oxford University Press, 1992). 
11. Maklakov, A. A. & Immler, S. The expensive germline and the evolution of ageing. 

Current Biology 26, R5773R586 (2016). 
12. Friedberg, E. C., Walker, G. C., Siede, W. & Wood, R. D. DNA repair and mutagenesis. 

(American Society for Microbiology Press, 2005). 
13. Baer, C. F., Miyamoto, M. M. & Denver, D. R. Mutation rate variation in multicellular 

eukaryotes: causes and consequences. Nat Rev Genet 8, 6193631 (2007). 
14. Aprison, E. Z. & Ruvinsky, I. Sexually antagonistic male signals manipulate germline 

and soma of C. elegans hermaphrodites. Current Biology 26, 282732833 (2016). 
15. Sharp, N. P. & Agrawal, A. F. Evidence for elevated mutation rates in low-quality 

genotypes. PNAS 109, 614236146 (2012). 
16. Fredriksson, Å. et al. Effects of aging and reproduction on protein quality control in soma 

and gametes of Drosophila melanogaster. Aging Cell 11, 6343643 (2012). 
17. Tsakiri, E. N. et al. Differential regulation of proteasome functionality in reproductive vs. 

somatic tissues of Drosophila during aging or oxidative stress. The FASEB Journal 27, 
240732420 (2013). 

18. Flatt, T. et al. Drosophila germ-line modulation of insulin signaling and lifespan. 
Proceedings of the National Academy of Sciences 105, 636836373 (2008). 

19. Hsin, H. & Kenyon, C. Signals from the reproductive system regulate the lifespan of C. 

elegans. Nature 399, 3623366 (1999). 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted December 8, 2023. ; https://doi.org/10.1101/2023.12.07.570570doi: bioRxiv preprint 

https://doi.org/10.1101/2023.12.07.570570
http://creativecommons.org/licenses/by-nc-nd/4.0/


 11 

20. Arantes-Oliveira, N., Apfeld, J., Dillin, A. & Kenyon, C. Regulation of life-span by 
germ-line stem cells in Caenorhabditis elegans. Science 295, 5023505 (2002). 

21. Kenyon, C. A pathway that links reproductive status to lifespan in Caenorhabditis 

elegans. Annals of the New York Academy of Sciences 1204, 1563162 (2010). 
22. Patel, M. N., Knight, C. G., Karageorgi, C. & Leroi, A. M. Evolution of germ-line signals 

that regulate growth and aging in nematodes. Proceedings of the National Academy of 

Sciences 99, 7693774 (2002). 
23. Chen, H., Jolly, C., Bublys, K., Marcu, D. & Immler, S. Trade-off between somatic and 

germline repair in a vertebrate supports the expensive germ line hypothesis. PNAS 117, 
897338979 (2020). 

24. Andersson, M. Sexual selection. (Princeton University Press, 1994). 
25. Maklakov, A. A. & Lummaa, V. Evolution of sex differences in lifespan and ageing: 

causes and constraints. BioEssays 35, 7173724 (2013). 
26. Regan, J. C., Froy, H., Walling, C. A., Moatt, J. P. & Nussey, D. H. Dietary restriction 

and insulin-like signalling pathways as adaptive plasticity: A synthesis and re-evaluation. 
Functional Ecology 34, 1073128 (2020). 

27. Ze
i�, A. & Braeckman, B. P. DAF-16/FoxO in Caenorhabditis elegans and its role in 
metabolic remodeling. Cells 9, 109 (2020). 

28. Dillin, A., Crawford, D. K. & Kenyon, C. Timing requirements for insulin/IGF-1 
signaling in C. elegans. Science 298, 8303834 (2002). 

29. Maklakov, A. A. & Chapman, T. Evolution of ageing as a tangle of trade-offs: energy 
versus function. Proceedings of the Royal Society B: Biological Sciences 286, 20191604 
(2019). 

30. Lind, M. I., Carlsson, H., Duxbury, E. M. L., Ivimey-Cook, E. & Maklakov, A. A. Cost-
free lifespan extension via optimization of gene expression in adulthood aligns with the 
developmental theory of ageing. Proceedings of the Royal Society B: Biological Sciences 
288, 20201728 (2021). 

31. Barnes, A. I. & Partridge, L. Costing reproduction. Animal Behaviour 66, 1993204 
(2003). 

32. Maklakov, A. A. & Friberg, U. Ageing: why males curtail the longevity of their mates. 
Current Biology 26, R9293R932 (2016). 

33. Austin, J. & Kimble, J. glp-1 is required in the germ line for regulation of the decision 
between mitosis and meiosis in C. elegans. Cell 51, 5893599 (1987). 

34. Priess, J. R., Schnabel, H. & Schnabel, R. The glp-1 locus and cellular interactions in 
early C. elegans embryos. Cell 51, 6013611 (1987). 

35. Rudel, D. & Kimble, J. Conservation of glp-1 regulation and function in nematodes. 
Genetics 157, 6393654 (2001). 

36. Chen, H. & Maklakov, A. A. Longer life span evolves under high rates of condition-
dependent mortality. Current Biology 22, 214032143 (2012). 

37. Lind, M. I. et al. Slow development as an evolutionary cost of long life. Funct. Ecol. 31, 
125231261 (2017). 

38. Stiernagle, T. Maintenance of C. elegans. WormBook: the online review of C. elegans 

biology (2006) doi:10.1895/wormbook.1.101.1. 
39. He, F. DAPI nuclear staining of live worm. Bio-101 e77 (2011) 

doi:10.21769/BioProtoc.77. 
40. Lind, M. I., Zwoinska, M. K., Meurling, S., Carlsson, H. & Maklakov, A. A. Sex-specific 

trade-offs with growth and fitness following lifespan extension by rapamycin in an 
outcrossing nematode, Caenorhabditis remanei. J Gerontol A Biol Sci Med Sci 71, 8823
890 (2016). 

41. Therneau, T. M. coxme: Mixed Effects Cox Models. (2018). 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted December 8, 2023. ; https://doi.org/10.1101/2023.12.07.570570doi: bioRxiv preprint 

https://doi.org/10.1101/2023.12.07.570570
http://creativecommons.org/licenses/by-nc-nd/4.0/


 12 

42. Bates, D., Mächler, M., Bolker, B. M. & Walker, S. C. Fitting linear mixed-effects 
models using lme4. J. Stat. Softw. 67, 1348 (2015). 

43. Furió, V., Moya, A. & Sanjuán, R. The cost of replication fidelity in an RNA virus. 
Proceedings of the National Academy of Sciences 102, 10233310237 (2005). 

44. Nöthel, H. Adaptation of Drosophila melanogaster populations to high mutation 
pressure: evolutionary adjustment of mutation rates. Proceedings of the National 

Academy of Sciences of the United States of America 84, 104531049 (1987). 
45. Zwoinska, M. K., Kolm, N. & Maklakov, A. A. Sex differences in cognitive ageing: 

testing predictions derived from life-history theory in a dioecious nematode. 
Experimental Gerontology 48, 146931472 (2013). 

46. Sørensen, J. G., Kristensen, T. N. & Loeschcke, V. The evolutionary and ecological role 
of heat shock proteins. Ecology Letters 6, 102531037 (2003). 

47. Labbadia, J. & Morimoto, R. I. The biology of proteostasis in aging and disease. Annual 

Review of Biochemistry 84, 4353464 (2015). 
48. Labbadia, J. & Morimoto, R. I. Repression of the heat shock response is a programmed 

event at the onset of reproduction. Molecular Cell 59, 6393650 (2015). 
49. Cohen-Berkman, M. et al. Endogenous siRNAs promote proteostasis and longevity in 

germline-less Caenorhabditis elegans. eLife 9, e50896 (2020). 
50. Rose, M. R., Vu, L. N., Park, S. U. & Graves, J. L. Selection on stress resistance 

increases longevity in Drosophila melanogaster. Experimental Gerontology 27, 2413250 
(1992). 

51. Shore, D. E., Carr, C. E. & Ruvkun, G. Induction of cytoprotective pathways is central to 
the extension of lifespan conferred by multiple longevity pathways. PLOS Genetics 8, 
e1002792 (2012). 

52. Dues, D. J., Andrews, E. K., Senchuk, M. M. & Van Raamsdonk, J. M. Resistance to 
stress can be experimentally dissociated from longevity. J Gerontol A Biol Sci Med Sci 
74, 120631214 (2019). 

53. Vilchez, D. et al. RPN-6 determines C. elegans longevity under proteotoxic stress 
conditions. Nature 489, 2633268 (2012). 

54. Stångberg, J., Immonen, E., Moreno, P. P. & Bolund, E. Experimentally induced 
intrasexual mating competition and sex-specific evolution in female and male nematodes. 
Journal of Evolutionary Biology 33, 167731688 (2020). 

55. Tain, L. S., Lozano, E., Sáez, A. G. & Leroi, A. M. Dietary regulation of hypodermal 
polyploidization in C. elegans. BMC Dev Biol 8, 28 (2008). 

56. So, S., Miyahara, K. & Ohshima, Y. Control of body size in C. elegans dependent on 
food and insulin/IGF-1 signal. Genes to Cells 16, 6393651 (2011). 

57. Ricklefs, R. E. Embryo growth rates in birds and mammals. Functional Ecology 24, 5883
596 (2010). 

58. Shi, C. & Murphy, C. T. Mating induces shrinking and death in Caenorhabditis mothers. 
Science 343, 5363540 (2014). 

59. Maures, T. J. et al. Males shorten the life span of C. elegans hermaphrodites via secreted 
compounds. Science 1244160 (2013) doi:10.1126/science.1244160. 

60. Lemaître, J.-F., Gaillard, J.-M. & Ramm, S. A. The hidden ageing costs of sperm 
competition. Ecology Letters 23, 157331588 (2020). 

 
 

  

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted December 8, 2023. ; https://doi.org/10.1101/2023.12.07.570570doi: bioRxiv preprint 

https://doi.org/10.1101/2023.12.07.570570
http://creativecommons.org/licenses/by-nc-nd/4.0/


 13 

 

Supplementary materials 

 
Sex-specific growth and lifespan effects of germline removal  

in the dioecious nematode Caenorhabditis remanei 

 
 
 
Martin I Lind1,2, Brian S Mautz1,3, Hanne Carlsson1,4, Andrea Hinas5, Erik Gudmunds5,6 and 
Alexei A Maklakov1,4 

 
1 Animal Ecology, Department of Ecology and Genetics, Uppsala University, Uppsala, 
Sweden 
2 Department of Environmental and Biosciences, Halmstad University, Halmstad, Sweden 
3 Population Analytics & Insights, Data Sciences Analytics & Insights, Innovative Medicine 
Research & Development, Johnson & Johnson, Spring House, PA, USA 
4 School of Biological Sciences, University of East Anglia, Norwich, UK 
5 Department of Cell and Molecular Biology, Uppsala University, Uppsala, Sweden 
6 Evolutionary Biology, Department of Ecology and Genetics, Uppsala University, Uppsala, 
Sweden 
 
 
 

 

 
Figure S1. Mated lifespan for females and males. Colour represent control (purple) or germline-less glp-1 

treated (orange) worms. No effect of germline removal on lifespan was detected in any sex. 
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