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DNA variants modulate mortality risks across an entire lifespan but their dynamic
age-dependent effects have not been resolved in any species for either sex. Here we
mapped variants that shape mortality using an actuarial approach, starting with a
base population of 6,438 pubescent mice and ending with 559 survivors that lived
beyond 1,100 days of age. Twenty-nine Vitalociinfluence lifespan with strong age- and
sex-specific effects. Most act during distinct stages with polarities that ofteninvert
with age, but a minority have consistent age-dependent effects in one or both sexes.
Aseparate set of 30 Somalociinfluence correlations between body mass and life
expectancy. Nineteen Soma loci mediate higher mortality in larger young mice,
whereas 11 mediate lower mortality in larger old mice. All effects are stronger in male
mice thanin female mice. Vita and Somalociform epistatic networks split strictly

by sex. These findings provide a genetic bridge between evolutionary theories of ageing
and molecular mechanisms that can guide interventions to extend healthy lifespan.

We do not yet understand the genetic, molecular, cellular and organ-
ismal processes that shape the intrinsic variability in rates of age-
ing, lifespan and all-cause mortality in humans, mice or other model
organisms' ™, Although thousands of variants modulate risks of age-
related diseases, the great majority influence proximate causes of
death and not the core mechanisms that influence ageing rates
per se'*", To disentangle causes from consequences and to define
those variants that modulate mortality across entire lifespans, we
developed actuarial methods that map variation in lifespan of pro-
gressively older survivorships—equivalent to a range from 12 to
94 years in humans™. This approach has been tested**>7, but has not
been applied systematically in any organism. The closest human paral-
lels are biometric studies of age-dependent changes in heritability of
lifespan in Scandinavian twin cohorts born between 1870 and 1910,
Ourstudy isacomplementary dissection resolved at the level of discrete
genetic effects—59 well-defined loci that dynamically interact to influ-
ence mortality rates and lifespan. We address four sets of questionsin
geroscience:
1. What DNA variants influence mortality rates, and how and when do
they act? Which have persistent effects, which have transient effects,
and whichactonly latein life?

2. How dotheselocialign with sex differences in mortality during and
after reproduction? Is there evidence of genotype-by-sex (G x S)
interactions, genotype-by-genotype (G x G) interactions, or even
genetic antagonism between the sexes?

3. Whatlociaccount for the strong negative association between larger
body size early in life and shorter lifespans versus larger body size
late in life and longer lifespans? Are these loci discrete sets?

4. How do the dynamics and action of loci and their many interactions
supportor refute predictions made by major evolutionary theories
of ageing—the mutation accumulation theory®, the antagonistic
pleiotropy theory?® and the longevity-assurance/disposable soma
theory*?

To dissect age-localized genetic effects on mortality and lifespan
werelied on the largest study of mouse ageing—the National Institute
on Aging’s Interventions Testing Program (ITP)*. For more than two
decades, teamsat three sites have used a population of genetic siblings
called the University of Michigan Heterogeneous Cohort 3 (UM-HET3)
to study effects of drug interventions on longevity?*?. These mice are
effectively onelarge sibship segregating for 11 million DNA variants. In
earlier work we mapped lifespan using 3,055 mice and detected seven
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Fig.1|See next page for caption.
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Fig.1|Survivorship sizes, sex differences and Vitalifespanloci.

a, Survivorships of mice stratified by the minimum inclusion age (T-age, left
yaxis) starting with a fullbase population of 6,438 at the youngest T-age of

42 days (T,,) and extending to a high truncation limit (dashed horizontalline)
thatonlyincludes the subset of miceliving to atleast 1,100 days (T, o0). This final
survivorship group that we studied contains 559 mice. The first death was at

46 days, and the last deathwas at 1,456 days. Numbers of survivors areindicated
ontherightyaxis. b, Sexdifferencesin lifespans of the T, to T, o survivorships.
Linesindicate meanand shaded bands represents.e.m. The 81-day female lifespan
advantage at T, is neutralized by T,,;. Dashed lines show Kaplan-Meier (KM)
estimators for both sexes. ¢, Ideogram of chromosomes and approximate
positions of single nucleotide polymorphisms (SNPs) on the GRCm38/mm10
genome assembly that were used to define maternal (Cversus B) and paternal
(Hversus D) haplotypes.d, Seventeen stacked genetic maps for the sex-combined
(greenfilled) survivorshipsin 45-day steps (but computed in 15-day steps)
from T,sto T, oss5. The yaxis of each stack gives the LOD with genome-wide
significanceat P<0.05, correcting for numbers of markers tested and using a
Cauchy correction for time-series tests. The vertical red line with arrowheads
inthelowest T, map highlights Vitala and points to an expanded versionine.
Allsurvivorship maps are provided in Extended DataFig.1. e, Adetailed version
ofasurvivorship map, in this case of mice living to atleast 365 days (T5s) for
females, males and sex-combined and sex-adjusted data. Here we use the same

statistical thresholdsasind, butstratified by sex. Red arrowheads mark the
Vitalalocus.f, Actuarial genetic effect size plots for genotypes at Vitala
(sex-combined) fromT,,to T, 40. Coloured lines represent mean lifespan
differences of survivorships of the four genotypes (CH, BH, CD and BD) as a
function of T-age relative to the average of all mice and shaded bands represent
s.e.m.estimates. LOD scores by T-age are plotted asablackline, with an orange
lineat the threshold of P<0.05. The trio of shaded vertical lines at T;4s, Tog0,
and Tysoinf-haretohelp readers compare these three different plot styles of
survivaland mortality data. Red, green and blue triangles mark inflection
pointsinmeanlifespan of BD, CHand CD survivorship, respectively, at T;,sand
Toso- 8, Kaplan-Meier plot of survival stratified by genotypes with arrowheads
asmarkedinf. h,i, Plots of age-dependent differencesin relative mortality
ratesat Vitalain females (h) and males (i). Each panel is divided into an upper
maternal block with mortality rates of the Cand D maternal haplotypes,

and alower paternal block with relative mortality rates of paternal D and
Hhaplotypes. Deviations away fromzeroin either direction signify arelative
increase in mortality for that haplotyperelative to the alternative haplotype.
Note thatthe D haplotypeis strongly disadvantageous only before 900 days,
whereas the Hhaplotype is disadvantageous after1,000 days. We used a LOESS
regressionwith an a of 0.2 over 75-day mean haplotype mortality counts.

Grey verticallines are provided for comparisonacross sexesinf,g.

lifespan loci”. Here we have doubled the sample size to 6,438 mice,
quadrupled numbers of genetic markers, and introduced a more power-
fulactuarial mapping method. The result has been afourfold increase
in numbers of lifespan loci (Vita type) and the confirmation of six of
sevenlocithat we had previously mapped. In addition, we have mapped
30 loci of a new type that specifically influence correlations between
body mass and life expectanciesin males and females (Somatype loci)
asafunctionof age. We also comprehensively analysed age-dependent
heritability changes, and the strong sex- and age-dependent epistatic
interactions among all loci.

The dynamics of Vita and Soma loci are highly complex. Some act
almost exclusively at younger or older ages. A subset modulates life
expectancies more uniformly and includes DNA variants that may
act as pacemakers of ageing?*. Many have marked and even comple-
mentary or antagonistic sex differences, as do almost all epistatic
partnerships. Some loci have effects that are predicted by the theory of
antagonistic pleiotropy"*?, whereas others have effects long after the
reproductive phase of life and are consonant to different degrees with
both the mutation accumulation theory and the longevity-assurance
or disposable soma theory of ageing*¥. It should now be practical to
convert some of these loci into well-defined molecular and cellular
mechanisms that modulate age-dependent rates of ageing and risks
of mortality with potential translational relevance to human health
and longevity.

Theresultsare divided into six sections. The first section summarizes
the actuarial mapping method and differences in survivorships by sex
and genotype (Fig.1and Tables 1 and 2). The second partitions Vita
loci by their dynamics and defines age-dependent shifts in heritable
and non-heritable factors (Fig. 2). The third covers sex differences and
antagonism (Fig. 3). The fourth introduces correlated trait mapping
(Fig.4) used tomap 30 Somaloci (Tables 3 and 4) that modulate body
mass-life expectancy trade-offs across age. The fifth is a systematic
analysis of epistaticinteractions amongall loci (Fig. 5) and the discovery
of asharp split by sex. The last provides case studies of how genetic,
bioinformatic and experimental data can be combined to move from
maps towards genes and mechanisms of mortality and ageing (Fig. 6).

29 Vitaloci are defined by actuarial mapping

We analysed lifespans of 72 nested survivorships (Fig. 1a), each of
which we generated by truncating from younger to older cut-offs in
15-day steps. The base survivorship includes mice that entered the
study and survived to at least the first truncation age (T-age) of 42 days

(Fig.1a, T,,). The terminal survivorship includes only the oldest 559
mice (8.7%)—those that reached at least 1,100 days of age (T ;00). At
the T,, T-age the sex difference of lifespan is 81 days (Fig.1b): 806 + 210
days (mean + s.d.) for males and 887 + 175 days for females. This differ-
enceisstableto T,;because sofew animals of either sex die before this
age; only 20 males and 13 females. However, between 215 and 410 days
204 malesdiebutonly 18 females die, and by T,,,, expectancies of males
and females have converged at 946 days (Fig. 1b).

We mapped loci that modulate mean lifespans of survivorship at a
false discovery rate (FDR) of P < 0.05 after applying a Bonferroni cor-
rection with an additional Cauchy correction for the actuarial analysis
(Fig. 1c and Table 1). Mapping was stratified by sexes and in combi-
nation (Fig. 1d,e, Table 2, Extended Data Fig. 1 and Supplementary
Tables 2-9 for trait and mapping data files). Loci have average effects
of 36 + 12 days (mean * s.e.m.) on life expectancies that often depend
strongly onsex and T-age (Fig.1c-f, Table1and Extended DataFigs.1-3).
Peak effects explain 2.5 + 0.9% of variance in females and 3.2 £ 0.5%
in males. Linkage scores range from a low of 4.1 logarithm of the odds
(LOD) (Vita5a) to a high of 9.0 LOD in males (Vita4a) and to a high
of 8.1LOD in females (Vita2c). Confidence intervals are 35+ 19 Mb
(mean + s.d.) with the smallest two loci under 10 Mb (Fig. 1d-f and
Table 1). All genes in loci were reviewed for variants that potentially
affect function (Supplementary Table1a,b). Vitaloci have age-delimited
effectsthataverage 349 + 229 days (mean + s.d.) (Table1, average of the
‘Duration’ column).

Dynamics of Vitaloci

Effects of Vitalociare age-dependent (Fig. 1, Tables 1and 2, Extended
Data Figs. 1-4 and Supplementary Tables 2 and 3). Vitala and Vitalb
have stable actuarial effects from T, to Tg, (Figs. 1fand 2a) but strong
late-age mortality effects. By contrast, Vital4bhas agradual reduction
in effects (Fig. 2b) highlighted by the converging slopes of BD and CH
genotypes from T,;,to T, ;oo Otherloci have transient effects. For exam-
ple, Vitalcacts only insurvivorships thatinclude adults younger than
500 days (Fig. 2c), whereas Vita9c acts only in the oldest survivorships
(Fig.2d). Vita4a has marked effects that reverse between T ;o and T,
in males (Fig. 2e,f). Inflection points in actuarial plots correspond to
ages on Kaplan—-Meier plots (Fig. 1g) at which mortality rates of geno-
type classes diverge or converge (Extended Data Figs. 2-5). In Figs. 1h
and 2f there are, for example, strong age-dependent differences in
mortality rates between maternal and paternal haplotypes by sex and
age. The Dhaplotype contributes to higher mortality earlier in life; the
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Table 1| Overview of Vita loci with effect sizes

Vita positions (Mb, GRCm38)°

Survivorship T-ages? Effectsizes"

Locus Peak Cauchy Chr. Proximal Peak Distal Size PeakSNPID SNPChr_Bp From Peak To Duration Max Mean Peak Peak Max
LOD® -logPf (Mb) T-age nat lifetime var var peak
peak® (days) male female diff.
(%) (%) (days)
1 Vitala 6.84 3.64 1 0.0 30 80 80 rs31443144 1.3010274 42 860 935 893 3,377 1,002 57 34 30
2 Vitalb 791 3.83 1 16.0 240 311 151 rs32645812 124042124 42 695 845 803 5056 930 4.4 2.2 37
3 Vitalc 551 314 1 101.4 1215 148.6 47.2 rs30776698 1121483290 42 230 335 308 3,255 810 30 00 52
4 Vitald 5.47 3.05 1 1517 1671 176.3 246 rs32557046 1167148678 42 230 335 293 3,379 810 0.9 0.0 54
5 Vita2a 554 314 2 7.8 89.2 1109 39.0 rs227254817 289156987 42 140 275 233 1,548 807 29 56 70
6° Vita2b 6.84 3.51 2 110.9 127 130.9 20.0 rs27463377 2112255823 575 800 890 315 4,079 970 05 1 20
7  Vitac 813 461 2 132.8 148.4 158.4 25.6 rs29880912 2148442635 42 545 665 623 2,930 906 00 12 30
8** Vita3a 4.26 192 3 422 83.8 1215 792 rs13477232  3.83354281 1,055 1,070 1,700 45 368 1146 75 0.0 35
9% Vitada 9.00 4.84 4 38.9 525 63.3 24.3 rs13477705 452524395 42 650 710 668 2,588 908 82 16 53
10 Vitadb 4.43 238 4 132.4 154.3 156.0 23.6 rs250153474 4154254581 500 635 680 180 2,652 900 25 00 33
1 Vitaba 4.05 210 5 36.6 676 90.2 53.6 rs3659098 567573068 965 1,085 1,100 135 350 1,149 80 00 36
12 Vitaba 414 293 6 97.3 107.4 122.3 250 rs38831890 693680853 42 140 560 518 3,396 807 22 00 38
13 Vitabb 5.27 3.05 6 108.1 132.8 1497 417 rs31845771 6132762500 42 320 515 473 3,296 823 26 00 47
14 Vita9a 568 375 9 13.4 299 447 312 rs38493199 934932404 42 95 725 683 2,754 910 09 50 35
15° Vita9b 6.66 3.28 9 95.3 1041 116.5 21.2 rs30513860 9104091597 935 1,025 1,055 120 1,847 112 6.5 9.0 24
16 Vitadc 579 3.20 9 108.1 1241 1244 16.3 rs49693645 9124056586 920 980 1,070 150 1,990 965 11 1.4 20
17*  VitalOa 4.48 2.48 10 56.7 72.8 100.5 43.7 rs13480647 10_72780332 965 980 1,010 45 1812 1,078 5.8 0.2 23
18 Vitalla 4.21 220 1 0.0 56 301 301 rs26911247 11.6599922 560 635 695 135 2,652 901 34 00 35
19 Vitallb 4.07 1.96 1 59.0 82.2 109.4 50.4 rs234364394 1182176894 995 1,040 1,055 60 586 ma 0.0 91 29
20 Vitallc 491 291 1 97.9 137 1193 21.3 rs29454463 11113729074 42 42 290 248 3,332 806 17 0.2 44
217 Vital2a 5.22 3.01 12 99.6 12.9 1201 20.6 rs33465836 12112855820 530 635 695 165 5475 910 15 25 27
22 Vital3a 562 3.36 13 479 86.8 1149 670 rs29246040 1383858506 42 230 410 368 6,203 863 14 17 33
23 Vitalda 6.08 3.61 14 62.6 70.8 1014 38.8 rs51512690 14_78415875 42 42 290 248 6,438 844 2.8 1.2 48
24° Vitaldb 4.86 2.87 14 784 1014 120.3 419 rs49624430 14101437466 42 80 290 248 3377 1006 21 0.4 18
25 Vital5a 5.08 2.89 15 555 742 884 329 rs45900875 1574248242 785 905 950 165 3549 1,023 57 19 21
26 Vitalsb 573 3.4 15 993 102.2 104.0 47 rs31838876 1599306167 42 95 275 233 3,398 813 1.3 0.0 40
27 Vital7a 497 3.07 17 00 329 737 737 rs6348789  17.32883804 440 665 740 300 5286 925 38 13 23
28 Vital8a 4.56 273 18 332 525 810 478 rs45936103 1852488251 42 140 455 413 6,431 858 1.5 1.6 28
29 VitaXa 564 3.28 X 0.0 36.0 69.8 69.8 rs13483724 X 36008085 42 260 485 443 3,332 806 66 00 35

®Marked loci in the left index column were detected in ref. 17 and replicated here. Vita3a has an early effect but linkage is significant only late in males.
®Vita3a and Vital4b marked in the index column are RAM-type loci with two T-ages with high LOD scores. Vita3a has an early effect but LODs are significant only late in males. The highest LOD

for Vital4b is at Tge in combined data, but see Fig. 2b for early peak LOD in males.

°Vita chromosomes and positions using the GRCm38/mm10 assembly. Peak is the marker or imputed position with the highest LOD at peak T-age; proximal and distal refer to marker positions.
9Survivorship T-ages in 15-day truncation steps over which Vita loci are regarded as having an effect on lifespan centred around the peak T-age that gave the peak LOD for the first listed sex

effects entry.

°Peak LOD values are significant at P values of 0.01, 0.05 and 0.10 with LODs of 4.65, 3.95 and 3.65, respectively.

fCauchy -logP values are significant at >1.5.

9Max n at peak is the survivorship sample size at the Vita peak LOD at the peak T-age. For example, for Vitala this number is 3,377 mice at Tgq0, which had a mean survival of 1,002 days.
"Peak var male and peak var female are percentages of variance that a locus accounts for in the male or female survivorship, respectively with the peak LOD. See Extended Data Fig. 3 for

variances explained at all T-ages in both sexes.
Afull version of Table 1is provided in the Supplementary Information.

Hhaplotypeto higher mortality later inlife. This explains the actuarial
benefit eveninthe earliest survivorships of inheriting an H haplotype
(Fig. 1f and Extended Data Fig. 4 for all other Vita loci). The impact of
DNA variants within Vita loci on mortality is greatest at inflections
in actuarial plots—at the peaks and troughs of mortality rate plots
(Fig.2a-fand Extended Data Figs. 2-4). These are the T-age ranges dur-
ingwhich the mean lifespan of survivorships can swing by up to15 days
overjust45days (Fig. 2e). By contrast, Vitalocithat have nearly constant
slopes from T, to T, (Fig. 2b) behave as expected of putative modu-
lators of rates of ageing and of differences in all-cause mortality>*.

We have categorized the dynamics of Vita loci into four catego-
ries (Table 2, far right) using the plots reproduced in Extended Data
Figs.2-4.

4 | Nature | www.nature.com

1. Lociwithdurableeffects. Fivelocihaverelatively constant effects on
life expectancies of survivorships from as early as T,, out to the T,
survivorship in one or both sexes (Fig. 1f and Tables 1and 2). Their
actuarial durability makes them predictors of life expectancy evenin
adolescence, but this does not mean that they have age-independent
effects onmortality. Infact, peak effectsatalocus suchas Vitala are
concentrated late in life (Fig. 1h,i).

2. Loci with steadily diminishing effects have uniform actuarial slopes
fromas early as 215 days that extend to the T,s, survivorship. They are
potential rate of ageing modulators (RAMs) using aliberal definition
of ‘uniform slopes’. Seven have an almost age-independent hazard
ratio (HR) over at least 500 days. Their effects converge towards
minimal expectancy differences. Vital4b is an example in which


https://www.ncbi.nlm.nih.gov/snp/?term=rs31443144
https://www.ncbi.nlm.nih.gov/snp/?term=rs32645812
https://www.ncbi.nlm.nih.gov/snp/?term=rs30776698
https://www.ncbi.nlm.nih.gov/snp/?term=rs32557046
https://www.ncbi.nlm.nih.gov/snp/?term=rs227254817
https://www.ncbi.nlm.nih.gov/snp/?term=rs27463377
https://www.ncbi.nlm.nih.gov/snp/?term=rs29880912
https://www.ncbi.nlm.nih.gov/snp/?term=rs13477232
https://www.ncbi.nlm.nih.gov/snp/?term=rs13477705
https://www.ncbi.nlm.nih.gov/snp/?term=rs250153474
https://www.ncbi.nlm.nih.gov/snp/?term=rs3659098
https://www.ncbi.nlm.nih.gov/snp/?term=rs38831890
https://www.ncbi.nlm.nih.gov/snp/?term=rs31845771
https://www.ncbi.nlm.nih.gov/snp/?term=rs38493199
https://www.ncbi.nlm.nih.gov/snp/?term=rs30513860
https://www.ncbi.nlm.nih.gov/snp/?term=rs49693645
https://www.ncbi.nlm.nih.gov/snp/?term=rs13480647
https://www.ncbi.nlm.nih.gov/snp/?term=rs26911247
https://www.ncbi.nlm.nih.gov/snp/?term=rs234364394
https://www.ncbi.nlm.nih.gov/snp/?term=rs29454463
https://www.ncbi.nlm.nih.gov/snp/?term=rs33465836
https://www.ncbi.nlm.nih.gov/snp/?term=rs29246040
https://www.ncbi.nlm.nih.gov/snp/?term=rs51512690
https://www.ncbi.nlm.nih.gov/snp/?term=rs49624430
https://www.ncbi.nlm.nih.gov/snp/?term=rs45900875
https://www.ncbi.nlm.nih.gov/snp/?term=rs31838876
https://www.ncbi.nlm.nih.gov/snp/?term=rs6348789
https://www.ncbi.nlm.nih.gov/snp/?term=rs45936103
https://www.ncbi.nlm.nih.gov/snp/?term=rs13483724

Table 2 | Overview of Vita loci with sex and epistatic effects and mortality features

Mapping summary Sex effects® Epistatic sex effects Vita mortality
features
Locus Peak Chr. Locus Peak Sex GxSat Max GxSat Interactions Interactions Typeandage of
LoD® peak(Mb) T-age effects® peakLOD® anyT-age® inmale® infemale®  main effects’
1 Vitala 6.84 1 3.0 860 C,FEM 0.78 1.40 1c 6b, 9a, 11a Durable, late Extended Data Figs. 1and 2a
reversal (M, F)
2 Vitatlb 791 1 24.0 695 C,F 0.78 0.78 - 6b, 9a, 9b Durable, late Extended Data Figs. 1and 2b
reversal (M, F)
3 Vitalc 551 1 121.5 230 M 2.4 2.62 3a,11c 2b Early (M) Extended Data Figs. 1and 2c
4 Vitald 547 1 1671 230 M 2.28 2.28 2c, 9b, 9¢ 2b,15b,18a  Early (M) Extended Data Figs. 1and 2d
5 Vita2a 554 2 89.2 140 M, F, X 978 978 13a,14a - Early, reversal Extended Data Figs. 1and 2e
(M), RAM (F)
6 Vita2b 6.84 2 127 800 FCX,M 0.35 8.62 3a, 14b 1c,1d, 6a Reversal (M), Extended Data Figs. 1and 2f
RAM (F)
7 Vita2c 813 2 148.4 545 F,C X 2.65 7.31 1d - Reversal (M), Extended Data Figs. 1and 2g
RAM (F)
8 Vita3a 4.26 3 83.8 1,070 M, X 3.07 3.07 1c, 2b 5a Early, RAM, Extended Data Figs. 1and 2h
reversal (M),
durable (F)
9 Vitada 9.00 4 52.5 650 M,C, X 298 3.58 - - Mid, reversal (M), Extended Data Figs.1and 2i
durable (F)
10 Vitadb 4.43 4 154.3 635 M, X 3.30 3.64 14b 12a Mid (M) Extended Data Figs. 1and 2j
1 Vitaba 4.05 5 67.6 1,085 M, X 2.85 2.91 - 3a,17 Late (M) Extended Data Figs. 1and 2k
12 Vitaba 414 6 1074 140 M, C 174 174 14a 2b, 11b Early, mid (M) Extended Data Figs. 1and 2l
13 Vitabb 527 6 132.8 320 M,X 279 279 13a, 15a 1a, 1b, 14a, Early, mid, Extended Data Figs. 1and 2m
14b RAM (M)
14 Vita9a 568 9 29.9 95 F,C, 5.80 5.80 - 1a,1b Early (M), early, Extended Data Figs.1and 2n
M, X mid, RAM,
reversal (F)
15 Vita9b 666 9 1041 1,025 C,FEM 121 21 1d,17a 1b Early, reversal,  Extended Data Figs. 1and 20
late (M), late (F)
16 Vita9¢ 579 9 1241 980 C,M,X 273 273 1d,17a - Early, reversal, Extended Data Figs. 1and 2p
late (M), late (F)
17  Vital0a 4.48 10 72.8 980 C,M 0.86 1.33 14a - Late (M) Extended Data Figs. 1and 2q
18 Vitalla 421 1 5.6 635 M 1.86 1.86 - - Mid reversal (M) Extended Data Figs. 1and 2r
19 Vitallb 407 1N 82.2 1040 F X 1.86 3.45 - 1a, 14a Durable, late Extended Data Figs. 1and 2s
reversal (F)
20 Vitallc 491 1 137 42 M, X 4.41 47 1a,1c, 13a - RAM (M) Extended Data Figs. 1and 2t
21 Vital2a 522 12 112.9 635 C 0.03 0.94 - 4b Durable (M), Extended Data Figs. 1and 2u
durable (F)
22 Vital3a 562 13 86.8 230 C,M 0.29 1.68 2a, 6b, 11c - RAM (M), mid (F) Extended Data Figs. 1and 2v
23 Vital4a 6.08 14 70.8 42 C,M 1.62 1.69 2a, 6a, 6b, 11a, 11b Early (M), Extended Data Figs. 1and 2w
10a, 17a RAM (F)
24  Vitaldb 4.86 14 101.4 80 C,M 0.22 1.80 2b, 4b 6b RAM (M), Extended Data Figs. 1and 2x
RAM (F)
25 Vitalsa 5.08 15 74.2 905 C,M, X 136 3.25 - - Early, mid, Extended Data Figs. 1and 2y
RAM (M),
durable (F, C)
26 Vitalsb 573 15  102.2 95 M, X 41 41 6b d Early, mid, Extended Data Figs. 1and 2z
late (M)
27 Vital7a 4.97 17 329 665 C,M 0.77 2.24 9b,9c,11b, b5a RAM (M) Extended Data Figs. 1and 2aa
14a
28 Vital8a 4.56 18 52.5 140 C 149 1.63 1d Early (M), Extended Data Figs. 1
RAM (F) and 2ab
29 VitaXa 564 X 36.0 260 M NA NA - - RAM (M) Extended Data Figs. 1and 2ac

NA, not applicable.

*Sex effects associated with the high linkage scores: combined (C), female (F), male (M) and GxS effect (X). The order is determined by LOD score, from high to low. Peak LOD only applies to the
first sex effects entry.

“Peak LOD values are significant at P values of 0.01, 0.05 and 0.10 with LODs of 4.65, 3.95 and 3.65, respectively.

°GxS LOD. Values are significant with Bonferroni corrections at P<0.05 with LOD >2.75 when tested at the peak LOD marker and peak T-age.

9Maximum GxS LOD in any T-age survivorship

°Epistatic GxG effects by sex: Vita loci are listed by suffixes at LOD>3.8.

Type and age of main effects depend on sex as noted. Durable, effects to >T,;,; RAM, gradual effect reduction to >Tg,; reversal, effect reversals; early, <Tsqo; Mid, Tsoo t0 Teys; late, 2Tggo.

A full version of Table 2 is provided in the Supplentary Information.
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Fig.2|Dynamics of Vitaloci, their contributions to heritability, and

source of variance. a-f, Genetic effect plots define differencesin the lifespan
(mean ts.e.m.) of survivorships for the four genotypes (BH, BD, CH and CD) for
different categories of Vitaloci. The effects of genotypes in days are marked by
coloured lines (relative difference from the average). Two-letter labels define
genotypes (pairs of haplotypes). LOD scores are plotted asablack trace.
Extended DataFig. 2 provides these plots for sex-combined data, females and
males. a, Vitalbhas durable and relatively uniformactuarial effects that extend
from T,,to Ty survivorships. Theinitially negative effect of the BD genotypein
most survivorships is caused by higher mortality visible startingin the Tgss
survivorship. b, Vital4bis a candidate rate of ageing modulator that has its
highest LOD scores in the base malesurvivorship at T,,, whichreflects alifelong
and uniform contrastin mortality rates between BD and CH genotypes. All
modes of display are compared for this locusin Extended Data Fig. 5, enabling
readers to compare survivorship plots with age-dependent mortality. ¢, Vitalc
has early effects in male mortality frominflections at Ty, and Ty, d, Vita9cis
anexample of alocus with late effects after T,;5 due to complex sex differences
(Extended DataFig.2q). e, Vita4a has amarked reversal of genotype effects
between T,s,and Tg,—indicated by three vertical grey lines in e, f—thatis caused
by offset waves of mortality in males: an early phase of haplotype C mortality
starting at400 days (f) and a delayed phase of haplotype Hmortality starting
at560-600 days that both peak at roughly 750 to 800 days. f, Age-dependent
hazardratio (HR) for males at Vita4a.Each crosshair point represents 80
mortality events over anage range centred on the point that have Cor Bmaternal
haplotypes (top) or Hor D paternal haplotypes. Points were smoothed using a

LOESSregressionwithaspanof 0.3 (Methods). g,h, Comparisons of the
variance explained across all survivorships specifically by peak markers.

The pinkbox plots (V;) are estimates of variance that can be explained by all
29 Vitaloci. The blue box plots are similar estimates of variance explained by
thesubset of significant Vita-Vita epistaticinteractions (V,,,) definedin Q1
and Q2 of Fig. 5b. The green box plots (V,,,) estimate the summed experimental
variance thatis further broken downini,j. The heights of all variance box plots
arecomputed on the basis of n =50 independent subsampling replicates, each
derived froman 80% randomsubset of the total dataset at each of 72 T-ages.
Inthe final and smallest survivorship at T, ,o,, the sample size is 252 females
and 248 males, somewhat less than the 559 well-genotyped mice at this T-age.
The orange lines are smoothed averages of other sources of variance (V,),
including mainly increased later-onset disease-associated mortality, gene-by-
environmental effects and higher-order genetic factors such asindirect
genetic effects of co-housed mice. h, Female components as above, but note
the significantly lower variance values compared with males. The grey
horizontallinesat10%and 37.5% ing,h are to help readers compare variance
levelsbetweensexes.i,j, Three key experimental sources of variance by
survivorship.Rows labelled ‘Drug’are variance estimates of dietary supplements
versus control diet.‘Cohort’is variance associated with year of production

of mice—nineyearsintotal. ‘Site’is variance attributable to differences
among the three vivaria used to house the mice. For adisplay of V, of individual
Vitalocifor all survivorships, see Extended DataFig. 6. See Supplementary
Tables 2 and 3 for sample sizes by sex and T-age, and for the fit of statistical
models.

theinitially high difference in males between CH and BD genotypes

fades from T;s to T, 100 (Fig. 2b). The effect is due to high mortal-

ity of Band D carriers up to 800 days followed by high mortality of

Cand H carriers thereafter (Extended Data Fig. 5).

3. Loci with age-range restricted effects. This tripartite category
includes loci with action limited to early, middle or late survivor-
ships (Fig. 2c-f).

a. Early-age loci have effects before T,,. Loci of this type are three
times more common in males than in females (Table 2). One of
the best examplesis Vitalc, for which the 50-day differencein life
expectancies of carriers of BH and BD genotypes is restricted to
males (Fig. 2c and Extended Data Figs. 2c and 3¢1,c2). Exceptions
arenotable because polarities of genotype effects are flipped be-
tween sexes at four of these types of loci—Vita2b, Vita9a, Vitallb
and Vital8a (Fig. 3c-f and Extended Data Fig. 2n,n1,s,s1,ab,abl).
Themalebiasinthis type of locusis almost always linked to higher
mortality rates in the T,,, to T, survivorships (Fig. 1a,b, Table 2
and Extended Data Fig. 4).

b. Mid-survivorship loci effects from T, to Tg,s. There are six loci of
this type. Vita4a is an impressive example, with a biphasic fluc-
tuation in mortality rates of BD and CH genotypes between T,
and T,,, in males (Fig. 2e and Extended Data Figs. 2i and 3i1,3i2).
This effect is caused by offset waves of mortality. A D haplotype
wave of mortality starts at 400 days (vertical line in Fig. 2f) but s
followed by Cand H haplotype waves at 600 days. By 1,000 days
both Band Dhaplotypes have highrelative HR values approaching
2 (log,(HR) =1). The offsets in peaks of effects in actuarial plots
(Fig. 2e) versus mortality plots (Fig. 2f) is because survivorships
integrate mortality out to the final death. These waves are more
obviousin Fig. 2f, and for all loci in Extended Data Fig. 4.

c. Late-acting Vita loci effects after T, Five loci only act after T,
(Fig.2d and Tables1and 2). As mice die the ratios of genotypes do
shift but this does not affect mapping until about T ,4,. Thereafter,
genotypeimbalance inhibited us from further mapping (Supple-
mentary Table 2).

4. Loci with reversals of genetic effects. Twelve loci have effects that
reverse across survivorships (Table 2). Reversals caninvolve asingle
genotype (the red BD trace in Fig. 2a) or two or more, for example
BD and CH effects of Vita4a (Fig. 2e,f). These patterns are associated
with age-dependent and highly variable HRs.

Dynamics of heritability

The summed genetic variance explained by all 29 Vitaloci on lifespan
(V) is higher in males than in females from T, to T,, (Fig. 2g,h and
Table1) butdropsfromabase at 40%to30% by Ts, (Fig. 2g and Extended
Data Fig. 5). This decline is due to the wave of early male mortality. By
Teso male Vita heritability rebounds and climbs to 50% in the oldest
survivorships. Female Vita heritability is almost precisely 27% in all
survivorships to T4, but decreases to 20% by Ty, 450 days after the
minimum for males. Asin males, female heritability recoversin the old-
estsurvivorships, although by 10% less thanin males. Variance explained
by two-locus epistaticinteractions also differs markedly by sex (V,,in
Fig.2g,h). Thisvalueis twice as highin females thaninmales, 12% versus
6%,and thisistrue over the entire reproductive lifespan. Note that the V,
(Fig. 2) is not a conventional narrow-sense estimate of heritability, but
rather is variance explained only by the Vita loci and also will include
dominance effects (Extended DataFig. 6). Our results are consonant with
thestrong age-dependentincrease in heritability notedinhumans'®and
higher sex-averaged heritability estimates when adjusting for extrinsic
causes of death®,

We estimated the effect of three experimental sources of variance
(Vexp): (1) treatment with or without a nominally ineffective drug;
(2) cohortyear; and (3) threessites. Collectively, V,,, differs by sexand
age (Fig.2g,h). Thesummed level of V,,, peaks at 47% in malesin the T,,,
survivorship but drops in rough synchrony with the end of reproduc-
tive life*** (Fig. 2g). Less than 20% of variance in older survivorships is
linked to these non-genetic experimental sources—a counter-intuitive
reduction in sensitivity. Despite efforts by ITP teams to standardize
protocols, variance attributable to site is up to 43% in males and 24%
in females (Fig. 2i,j). In males, variance associated with an ineffective
drugis much more modest (Fig. 2i), although in absolute terms these
supplements do increase lifespan at T,, by 40.2 + 8.3 (mean = s.e.m.)
days. By contrast, in females, the effect of drugs is greater than that
of site (Fig. 2j) and increases lifespan by 37 + 6.7 (mean £ s.e.m.)
days. This positive effect persists to T, in males and to the Tgy, in
females (Fig. 2i). However, it is negative by Tgo, in males (-11.7 £ 5.3
(mean % s.e.m.) days, P=0.03) and by T, o, in females (-10.2 +5.3
(s.e.m.) days, P=0.06). Other sources of variance (V,) (orangelinesin
Fig. 2g,h) include stochastic causes of mortality, for example uncon-
trolled environmental and technical factors, and higher-order genetic
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Fig.3| Antagonistic sex effects within Vitaloci. a, Overview of all significant
(red) and suggestive (light blue) locus-by-sex interaction effects (G x S) across
all Vitalociinall survivorships. The G x Seffect on chromosome 8 is most
probably arealinteraction of alocus that has a main effect below our threshold.
The colourintensity indicates the LOD for the G x S term at genome-wide
significancelevels of P<0.05and P< 0.10, correcting for numbers of markers
tested and using a Cauchy correction for time-series tests. The G x Svaluesin
Table 2 are more discrete and only test top markers in the most significant
survivorship.b, Chromosomes1to 4 (magnified 3.7-fold on the x axis) illustrate
therange of sex differencesin effects of Vitalociat T,4;. Red and blue lines
signify female and male additive genetic effects (LOD scores), whereas the
thicker purplelinessignify the G xS effect, and the greenlines are the ‘unsexed’
or combined additive effect. The orangelineis the genome-wide significance
threshold at LOD of 3.95 and the Cauchy correction. There are no G x S effects
onchromosomel. Vitalociwithsignificant G x S effects onchromosomes 2,3
and 4 arelabelledingreenwith the T-age of peak G x Satred triangles.

c,d, Female (c) and male (d) Vita2b genotype effects are strongly antagonistic.

Thenotablereversals in mean male life expectancies of genotypesindare
caused by higher mortality rates of carriers of the Cand Hhaplotypes up to
about 700 days, followed by higher mortality of Dand B carriers from 800
to1,100 days (vertical lines at peak mortality of around 850 days). Data are
mean +s.e.m.e, The G x Sdifference of lifespan of males and females for
allgenotypes. At T,¢s the CHand BH genotypes are advantageous for life
expectancies of females, whereas the CDand BD genotypes are advantageous for
life expectancies of males. Dataare mean + s.e.m. f, Mortality rate differences as
afunction of age, sexand parental haplotypes asin Fig.1h.In females, mortality
ratesof D carriers peak at 650 days, whereas mortality rates for Hcarriersdo
not peak until1,040 days. In males, the Band D haplotypes have aleptokurtic
distribution that peaks between 700 and 1,050 days, whereasthe Cand H
haplotypes have amore uniform mortality distribution acrosslifespan.g, The
hemizygous B haplotype in males at VitaXa has amean 30-day positive effect
onlifespan compared to the Chaplotype until T,,,. The standard error bands
(shaded) arerelatively stable evenin the oldest male survivorships owing to the
truncated age range of deaths.

and G x E effects that we have not modelled, including age-dependent
changes in survivors per cage and unmeasured indirect social
genetic effects®.

Vitaloci have antagonistic sex interactions

The profound sex differencein life expectanciesin early survivorships
(Fig. 1b) can be decomposed into sets of loci that specifically influ-
ence G x Sinteractions and early male mortality. The likely cause is
higher stress and aggression among males®**, High male mortality
is visible in plots for Vitalc, Vita2a and Vita6b (Fig. 2c and Extended
DataFigs.2-4). These and other loci have strong but transient effects
earlier in the lives of males. This youthful mortality risk is eliminated
insurvivorships above T,,s (Fig. 1b). From To; to T, 50, males are typi-
cally housed solo and gain a small 8-day expectancy advantage over
females (T 40, P=0.036).

Fourteen Vitalocihave strong G x Sinteractions (Fig.3a and Table 2).
The complex of locion chromosome 2is an extreme example (Fig. 3a-d).
CHand BH genotypes at Vita2b confer alifespan advantage to females
upto T, (Fig.3e), butadisadvantage to males throughto T,;. Polarities
of effects are also reversed, with CH and BH having longer lifespans in
females but shorter lifespans in males (Fig. 3¢,d). This is due to a sex
inversion in timing of sequential waves of mortality of carriers of the
paternal haplotypes (Fig. 3f). Vita2b also has amassive G x S effect with
aLOD of 8.6 at T,,, that is entirely lost by Tg, (Fig. 3a). The reversal
of male genotype effects at Vita2b fits models of antagonistic plei-
otropy (Fig. 3d)—genotypes that reduce mortality in the first half of
life increase mortality after 600 days. The Vita2 complex illustrates
how mapping sexes together without fitting an interaction term is
ill-advised. Although the sex-combined analysis defines highly sig-
nificant peaks at Ty, for Vita2b and Vita2c (Fig. 3b), thisis an artefact
of not modelling the interaction (Extended Data Fig. 1e,f). Similarly,
G x Smapping unmasks two sex interactions at the extreme distal end
of chromosome 4 (154 Mb) at Vita4b, alocus that is nominally only
detected in males (Fig. 3a).

The male-specific VitaXalocus encompasses the entire proximal
70 Mb of chromosome X (Fig. 3g and Tables 1 and 2) with effects that
erode almost linearly with survivorship T-age. This locus is likely to
integrate net effects of a set of recessive variants on this hemizygous
chromosomein males. Infemales, the effects of Cand B haplotypes do
not differ (Extended Data Figs. 1ac and 2ac).

Somalocibalance body mass versus lifespan

Mice were weighed at 42,183, 365, 548 and 730 days. Body masses at
the first four ages correlate negatively with subsequent lifespans in

bothsexes (Fig. 4d-g) up until the oldest survivorships***. However,
correlations differ greatly by sex—rank order rho values of -0.28 for
malesbutonly -0.11 for females at T;gs (P < 0.001) (ref.36). This trans-
lates to aloss of 14.3 days g in males versus 3.7 days g™ in females at
the peak of reproductive performance (Fig. 4e). The sex difference
remains significant to Ty, (bold black linkage score trace in Fig. 4e).
Female correlations are stable and remain close to -0.1 (Fig. 4e-h).
By contrast, the negative correlation in males erodes with age and
overlaps female values in older survivorships (Tgyo; Fig. 4g,h) and
then shifts to positive values in both sexes for body mass at 730 days
(Fig. 4h). We investigated what loci account for these dynamic shifts
in relations between body mass and mortality. Our first step was to
map body mass loci at all five ages and evaluate their roles in mortal-
ity. We detected 28 Mass loci (Fig. 4a and Extended Data Fig. 7), but
these are almost entirely independent of the Somaloci (Fig.4a,b, note
faint vertical lines) that modulate trade-offs between body mass and
life expectancies.

Using correlated trait mapping® we defined 30 Soma loci that modu-
late the negative and positive trade-offs between mass and mortality
risk (Fig. 5b,c, Tables 3 and 4, Extended Data Fig. 8, Supplementary
Tables 10 and 11). Fifteen Soma loci are detected only in males and
four are detected only in females (Tables 3 and 4). Nineteen modu-
late the strength of negative correlations with body mass at 42 and
185 days. Eleven modulate the strength of positive correlations in
the post-reproductive phase of life***® (Tables 3 and 4 and Extended
Data Fig. 8). The effects of Soma loci on expectancies range from 2 to
29 days g™. Table 4 presents these effects for each genotype both as day
per gram and as differences in rank correlations. Soma3b has strong
effectsinmales (Fig. 5i) but none infemales (Fig. 5j). Males with the CD
genotype lose 17.9 days g'; those with the CH lose only 8.4 days g™. In
females, the differences in these negative correlations areinsignificant
(CH:-2.9 days g versus CD: -3.4 days g'). Somalla has the strongest
effectinfemales (Tables 3 and 4 and Extended Data Fig. 8), but effects
are modest compared to those in males.

Soma loci overlap Vita and Mass loci (Fig. 4a—-c and Table 4) at a
chance level. The summed genome-wide coverage of Soma loci is
1,349 Mb (48% of the genome), and coverage of the Vitalociis 1,000 Mb
(36% of the genome). Seven Soma loci have peaks within 10 Mb of
Vita peaks (P=0.19). Somala and Vitala share top markers in both
sexes, and both are modulated by the H and D haplotypes (Fig. 1f and
Extended Data Figs. 3a and 8a). H lengthens life by 12 days, whereas
D shortens life by 22 days. Surprisingly, effects of Somala oppose
those of Vitala, particularly in females. H decreases life expectancy
by -4 days g (average p = -0.12), whereas D increases expectancy by
1days g (rho=+0.02). All effect plots, for example those in Fig. 4m-p,
areprovidedin Extended DataFig. 8 for all loci, both sexes and T-ages.
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Fig.4|The genetic modulation of life expectancy by body mass is stronger
inmales thanfemales. a, Conventional quantitative trait loci (QTL) maps of
body mass (Massloci) at 183 days for both sexes and combined. There are
25significant Masslociat T,g; (see Extended Data Fig. 7 for all other ages). The
yellow horizontallinesina-care genome-wide acceptance thresholds. The
faint vertical grey lines at Mass peaks do not overlap significantly with Soma
loci. b, Maps of the Somalocithat modulate correlations between body mass
at42 daysand life expectancyinthe T,, survivorship. Several loci are named
despite being below threshold at this age orin c. ¢, Corresponding Somalocifor
body mass at 183 days (6 months) with life expectancy at T,g;. d-h, Actuarial
plots for correlations of body mass at 42,183,385, 558 and 730 days of age for
males and female mice. Error bandsind-lIrepresent 50% confidence intervals
computed using a Fisher z-transformation to ensure that bounds remained
within limits of -1to +1. This visualization allows for adirect assessment of the
estimate’s reliability; anarrower interval indicates amore precise estimate of
thesample correlation coefficient. The -logPsignificance of the correlation
difference was computed using a modified Fisher r-to-ztransformation test
(Methods).d, Thereis only amodest correlation of body mass at 42 days
withsubsequentlifespaninany survivorshipineither sex. e, By 183 days,
thereis astrongnegative correlationin males and asignificant sex difference
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(-logPofthesexdifference hasaFDR of 0.05at avalue of1.64).g, Thereisno
sex difference at 548 days. h, Body mass at 730 days has a positive correlation
inmales, butby the T, ;4o survivorship the female correlations are higher.

i,j, Actuarial plots of correlations between body mass at 183 days with
subsequent survivorships for Soma3b for males (i) and females (j). i, Correlations
ofthe four colour-coded genotypes differ significantly for malesin the T4
survivorship (left orange bar) but notin the older Ty¢s survivorship. The -logP
Somascoresare shownontheright axis, with the maximum actuarial value.
Note arrows from orange bars tom,n, cross-sectional views of these body mass
tolifeexpectancy correlations at T,¢s that are highly significantin the T,
survivorship witha-logPof 4.8, but notsignificantinthe T, survivorshipinn.
k1, Survivorship for males (k) and females (1) at Somala. Somalais close to the
significance threshold in males in the T,,, survivorship. Orange bars correspond
too,p.LODscores aresignificantat2.75.m,n, Correlation of lifespan and body
mass at 183 days of age for Soma3b (Spearman rank rho) in males in T;5 (m)

and Tges (n) survivorships. Survivorships were binned in 2-g classes. The six
circlessizes provide approximate sample size per class scaled to the log of the
number. o,p, Soma correlations of lifespan and body mass at 183 days in males (o)
and females (p), corresponding tok,lat T,;.



Table 3 | Summary of Soma loci linkage statistics, age ranges and positions

Soma positions (Mb, GRCm38)®

Locus Max-logP High-logPat High Sex Effectrange Actuarial Chr Proximal Peak Distal Size MarkerID SNPID
any T-age® ageweighed® T-age® effects® (daysg™) range (days)’
1 Somala 3.95 3.42 185 C 8.3 <365 1 0.0 3.0 240 240 1.3010272 rs31443144
2 Somalb 4.09 3.85 730 M 4.3 2730 1 63.9 86.2 133.6 697 1.86216552 rs240615003
3 SomaZ2a 3.56 3.50 185 M, C 10.4 2183 2 0.0 13.6 246 246 213600088 rs29825025
4  Soma2b 5.07 312 42 C 474 <548 2 304 60.2 83.9 535 260201233 rs29953805
5 Soma2c 5.09 277 42 M 30.8 42 2 148.4 1619 1801 31.6 2161871392 rs27303276
6 Soma3a 3.53 276 550 M 55 42,2548 3 42.2 88.0 108.2 66.0 387974845  rs36895924
7 Soma3b 4.93 3.95 185 M 9.5 All 3 121.5 159.6 159.6 381 3159581164 rs30858154
8 Somada 4.02 3.32 42 M 20.0 All 4 0.0 1n.2 30.8 30.8 4_.30761996  rs27779705
9 Soma4b 3.55 3.15 42 C,MF 204 <183, 2730 4 66.8 1074 156.0 89.2 4107374161 rs28147090
10 Somaba 3.99 3.60 550 CF 31 All 5 0.0 8.0 259 259 6_8006720 rs49698565
1 Soma6b 3.46 313 730 F 4.0 2730 6 66.8 138.7 1396 72.8 6138658041 rs30021501
12 Soma7a 5.27 475 365 M 76 2183 7 4.3 161 435 392 716072018 rs32395309
13 Soma7b 3.84 3.79 550 M 75 2183 7 85.1 1201 1453 60.2 7120086292 rs31151709
14 Soma8a 3.07 2.92 365 M 6.9 <365 8 A1 ni 86.0 449 8_.71684276 rs33469281
15 Soma8b 3.48 313 42 C 229 All 8 86.0 M3 1291 431 8126505019 rs33182145
16 Soma9a 2.93 2.92 185 C 6.6 183 9 20.0 511 581 381 951116640 rs13461391
17 SomalOa 4.49 3.85 185 CM 71 <183, 2730 10 0.0 181 90.1 901 1018144599  rs29381732
18 Somalla 4.22 3.31 365 F 3.6 All n 504 974 137 63.3 1_97448477 rs45809946
19 Somal2a 3.88 2.97 185 F 6.1 183 12 58.3 ni 791 20.8 12_71677220  rs29155467
20 Somal2b 2.91 2.91 730 M 4.2 >183 12 791 182 182 391 12118179607 rs30534543
21 Somal3a 3.52 2.80 42 M 46.0 <183 13 4.4 19.4 67.3 62.9 1319367506 rs50623363
22 Somal3b 471 3.22 42 F 25.0 42 13 713 985 1M.4 341 13.98521647 rs30068968
23 Somalda 3.2 3.12 550 M 71 183-548 14 20.7 31.0 31.0 10.3 14_30957748 rs30464161
24 Somaldb 3.89 3.88 42 M 497 42 14 79.4 1014 120.3 40.9 14101437466 rs49624430
25 Somalba 4.50 4.34 185 M 16.4 183-548 15 0.0 3.3 20.7 20.7 153288506  rs31623892
26 Somal6a 3.86 276 550 CF 4.3 2548 16 38.0 75.8 96.4 584 16_75758401 rs46542250
27 Somal7a 2.97 2.87 730 F,C 2.6 183F, 548M, 17 0.0 265 688 688 1726542857 rs33475140
730F
28 Somal8a 4.68 3.30 42 C 24.0 42M, 18 211 525 70.8 49.8 1852488251 rs45936103
42-365F
29 Somal9a 3.32 3.32 730 M 4.4 730 19 0.0 3.4 1.6 1.6 19_.3403302 rs31128510
30 Somal9b 3.00 3.00 730 M 5.1 730 19 35.0 539 620 270 1953851357 rs30416321

2Soma chromosomes and positions using GRCm38 coordinates. Proximal and distal refer to marker positions.
"Max -lopP any T-age is the maximum value across any actuarial scan from any of the five ages at which mice were weighed. This value was not used to establish significance.
°High -logP at age weighed and max -logP any T-age are the highest scores corresponding to: (1) one of the five ages at which mice were weighed; or (2) the highest -logP at any T-age. Values

are genome-wide significant at P<0.05 with Benjamini-Hochberg correction at values>2.75.

9High T-age is the T-age at which mice were weighed that gave the high -logP at age weighed. If the high T-age is 730, then all values correspond to the T, survivorship for the first listed sex effects.
°Sex effects listed in the order corresponding to data for high -logP and high T-age. Combined (C); female (F) and male (M).
fActuarial range in days associated with Soma loci. When two age ranges are shown, they apply in order of sex effects.

Afull version of Table 3 is provided in the Supplementary Information.

Epistasis is segregated by sex

We tested for epistatic interactions among the 59 Vita and Soma loci
atfour ages by sex with cut-off thresholds close toa LOD 0f 4.0, a value
significant at a Benjamini and Hochberg® FDR of 0.01. There are 41
significant Vita-Vitainteractions among 387 Vita pairs that we tested in
thebase T,, survivorship using an even more stringent Bonferroni cor-
rectionat P<0.05 (Fig.5a,band Table2)—22in malesand19 in females.
Across all four survivorships the number of Vita-Vitainteractions is 59
inmalesand 43 infemales (Supplementary Table 12.4). Similarly, there
are 57 Soma-Soma interactions in males and 35 in females (Fig. 5a,b
and Table 2). Average LODs in the four survivorships and two sexes
range from 4.4 to 4.6 + 0.5 to 0.8 (mean = s.d.). One of the stronger
male interactions is between Vitalc and Vita3a (Fig. 5d, LOD 5.0) in

which effects of BD and CH genotypes at Vita3a produce differences
of 100 days in lifespan across the Vitalc genotypes, but there is no
corresponding interaction in females (Fig. 5d). However, Vita3ahas a
strong interaction with VitaSa in females as late as T,,, but there is no
correspondinginteractionin males (Fig. 5f). The strongest female Vita-
Vitainteractionsare Vitala-Vita6b, Vita3a-Vita5a and Vitalb-Vita9a
(Fig.5a,b). The BD genotype at Vitalb masks any effects of Vita9a—the
classic Mendelian definition of epistasis* (Fig. 5e). Finally, there are
197 Vita-Soma interactions—84 in females and 113 in males—a bias that
isexpected from the greater numbers of male Vitaloci (20 versus 8 in
females) and male Soma loci (18 versus 8 in females). Vita-Soma loci
have LOD scores of 4.5+ 0.6 (mean +s.d.).

Epistatic interactions of Vita and Soma loci form segregated male
and female networks (Fig. 5b,g,h and Extended Data Fig.9). Even those
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Table 4 | Summary of Soma loci effects and overlap with Mass and Vita loci

Soma overview Effect sizes Mass overlap Vitaoverlap
Days gained or lost per gat Correlation of body mass
high T-age* with lifespan (rho)?
Locus Max- Sex Effect Chr. Peak Actuarial CH BH CcD BD CH BH CcD BD Mass Mass Vita Vita
logP® effects® range range locus locus locus locus
(daysg™) (days)? overlap® typeand overlap® typeand
sex® sex®
1 Somala 395 C 8.3 1 3.0 <365 -10.2 -11.8 -35 -45 -023 -026 -0.09 -012 - Vitala, Durable
Vitalb (C)

2 Somalb 409 M 4.3 1 86.2 =730 51 14 0.9 5.2 032 0.07 0.08 032 Masslb Early(M) Vitalc Early (M)

3 Soma2a 356 M,C 10.4 2 13.6 2183 -N4 -21.8 -144 -161 -0.22 -043 -0.29 -0.38 Mass2a Early(C)

4 Soma2b 507 C 474 2 60.2 <548 73 2.7 -401 -30.2 0.07 003 -023 -0.23 -

5 Soma2c 509 M 30.8 2 161.9 42 -139 -131 -58 -366 -0.09 -0.09 -0.05 -0.34 - Vita2c Mid (F, M)

6 Soma3a 353 M 5.5 3 88.0 42,2548 1.3 -1.0 -37 -42 003 -0.05 -012 -017 Mass3a Durable Vita3a Early,

© late (M)

7 Soma3b 493 M 95 3 159.6 Al -84 -137 -179 -167 -018 -0.29 -0.38 -0.34 -

Somada 402 M 20.0 4 1.2 Al -155 -319 -141 -341 -013 -0.28 -011 -0.22 Massd4a Early (M)
Soma4b 355 C,M,F 204 4 1074 <183, -12.9 -251 -47 186 -013 -017 -0.02 -0.18 Mass4b Durable Vita4b Mid (M)
2730 (M)

10 Somab6a 399 C,F 31 5 80 Al 29 -24 02 0.1 -015 -013 0.00 001 -

11 Soma6b 346 F 4.0 6 138.7 2730 -22 03 04 18 -017 002 004 012 - Vitabb Early (M)

12 SomaZ7a 527 M 76 7 161 2183 -145 -69 -102 -70 -038 -0.20 -0.26 -015 -

13 Soma7b 384 M 75 7 1201 2183 -20 -49 26 -48 -0.09 -017 006 -017 -

14 Soma8a 307 M 6.9 8 717 <365 -83 -53 -122 -104 -022 -012 -0.33 -0.27

15 Soma8b 348 C 22.9 8 m3 Al -n9 -139 -285 -56 -011 -011 -0.25 -0.03

16 Soma9a 293 C 6.6 9 511 183 -130 -64 -100 -90 -030 -017 -0.23 -0.22 - Vita9a Early (F)

17 SomalOa 4.49 C,M 71 10 181 <183, -98 -90 -38 -109 -0.25 -0.22 -0.09 -0.25 MasslOa Early(M) VitalOa Late (M)
>730

18 Somalla 422 F 36 n 974 Al -0.1 -37 -23 -20 003 -018 -015 -010 Massllc Durable Vitallb Late (F)

(M)
19 Somal2a 388 F 6.1 12 7.7 183 -1.2 =13 -45 -28 -0.05 -0.24 -016 -0.08 Massi2a Durable
F

20 Somal2b 2.91 M 4.2 12 118.2 2183 4.8 3.6 0.6 21 026 028 0.083 013 - Vital2a Mid (C)

21 Somal3a 352 M 46.0 13 194 <183 123 =337 -251 -21.2 004 -0.28 -017 -0.21 -

22 Somal3b 471 F 25.0 13 98,5 42 -1.5 =223 27 -19.3 -0.06 -0.25 0.01 -on - Vital3a Early (F, M)

23 Somalda 312 M 71 14 310 183-548 -0.1 -4.7 -08 24 -0.02 -017 -0.06 0.07 -

24 Somal4b 3.89 M 497 14 1014 42 -45.8 -6.9 3.9 -181 -0.35 -0.07 0.06 -012 Massl4a Early(C) Vitalda Early mid

©)

25 Somal5a 450 M 16.4 15 3.3 183-548 -71 -3.6 -200 -185 -015 -0.09 -0.43 -0.31 -

26 Somal6a 3.86 C,F 4.3 16 758 2548 =51 -48 -91 -84 -015 -013 -0.26 -0.22 Massl6a Early

mid (M)

27 Somal7a 297 FC 26 17 265 183F, -08 -1 1.5 11 -0.06 -0.09 014 0.09 Massl7a Timediff Vital7a Durable
548 M, M, F) (M)
730F

28 Somal8a 4.68 C 24.0 18 525 42M, -09 -132 -249 -145 002 -010 -024 -016 - Vital8a
42-365F

29 Somal9a 332 M 4.4 19 34 730 41 -03 39 32 027 -002 021 021 -

30 Somal9%b 3.00 M 51 19 539 730 4.3 -08 30 28 023 -0.04 022 018 Massi9a Early

Mid (M)

“Effect sizes for genotypes at the high T-age and first sex effects group. Days gained or lost effect sizes for CH, BH, CD and BD genotypes at the high T-age for first sex effects group. Similar
values for correlations by genotypes of body mass with lifespan.

®Max -logP any T-age is the maximum value across any actuarial scan from any of the five ages at which mice were weighed. This value was not used to establish significance.

°Sex effects shown in the order corresponding to data for high -logP and high T-age: C, combined, F, female and M, male.

4Actuarial range associated with Soma loci. When two age ranges are given they apply in order of sex effects.

°High T-age is the T-age at which mice were weighed that gave the high -logP when actually weighed. If the high T-age is 730, then all values correspond to the T3, survivorship for the first listed
sex effects. Mass locus overlap and Vita locus overlap with the Soma locus. Vita type and sex from Table 1.

The ‘Time diff’ label for Soma17a highlights early and late T-age effects in females, intermediate in males.

A full version of Table 4 is provided in the Supplementary Information.

fewlociwith minimal sex differencesin their maineffectsdonotshare  males all of the corresponding LODs are marginal: 1.5, 3.2 and 3.5,
partnerships (Fig. 5a). Forexample, infemales Vitala pairs with Vita6b, respectively. No interactions are shared by Vita lociin the T, survi-
Vita9a and Vitalla with LODs of 5.5, 4.6 and 4.7, respectively, butin  vorship (Fig.5b), and only 2 out of 61 possible interactions of all 3 types
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Fig.5|Epistasisamong Vitaand Somaloci. a, A fullmatrix of LOD scores of
interactionsamong Vitalociin the T,,survivorship. The upper triangle tabulates
malescoresand the lower triangle tabulates female scores. LODs at or above
3.9 (n=22detectedinmales,n=19 detected infemales), labelled in larger font,
aresignificant with aBonferroni correction for 387 tests per sex that excludes
19 tests between syntenic loci (for example, between Vitala and Vitalb). Similar
matrices are shown for all four ages, for three sex combinations—combined,
females and males—in Supplementary Table10. b, Correlation plot of female
versus male epistasisin the T,, survivorship. Those above the threshold are
markedinred forfemalesandinblue for males, and are labelled by their Vita pair
numbers. Note that there are no points with significant LODs that are shared by
bothsexes (quadrant Q2). However, the green points in quadrant Q3 highlight
some low-levelinteractions shared by both sexes. The Spearmanrank order
correlation of male and female LOD scoresis 0.32. ¢, A pair of effect-size plots
ofastrong female epistatic interaction between Vitalc and Vita2b at T,, thatis
also highlighted withabullseyeinb. The coloured columnsin c define the four
genotypes at thefirstlocus (Vitalc), whereas the four coloured lines define

the genotypes at the second locus (Vita2b). Compare polarities of female and
male effects of the CD genotype (thicker blue lines)—an example of modest
antagonistic epistasis. d, Right, interaction between Vitalcand Vita3ain males,
highlighted by the blue bullseyeinb. Left, thereis nointeractionin females.

e.f Epistaticinteractionsat T,, (e) and T,,, (f). The Vitalb-Vita9ainteraction
illustrates the classic masking effect, with all lines converging in the pink

BD Vitalb column. The effectsin males are not significant. The strong Vita3a-
VitaSainteractionis weakin the T,, female survivorship (e) but strong at T, (f).
Pointsizesindicate numbers ofindividuals per genotype pair. In c-f, the y axis
shows estimates of the lifespan difference of the 16 small points in each panel
and theshaded bandsrepresentthes.e.m.g,h, Overview of epistaticinteractions
inthe T,,survivorship with LOD scores above 3.8 (thinlines), above 4.2 (medium
lines), and above 4.5 (thick lines), corresponding to Benjamini-Hochberg
correction for1,471testsat Pvalues ofabout 0.1,0.05and 0.01, respectively.
Chromosomes are labelled with dots and abbreviated Vita and Soma symbols.
These epistatic relations provide key constraints when evaluating sets of
candidate genes. Epistatic signals highlight 3.3% of all 11,76 8 pairwise tests.
None oftheinteractions define novelloci per se and should be regarded as
geneticand functional glosses of Vitaand Somaloci.For example, if Atp6vihis
the main Vitalaeffector, then biochemical partnersinclude Pex5, Phb2, Foxml
and Etfrflin Vitaé6a; Keapl and Sesn3in Vita9a; and InppSj, Gek, Ogdh, Igfbp3 and
Pex13in Vitalla. These genes are parts of networks centred onlysosomal stress,
autophagy and mitophagy (Atp6vih, Foxm1,Inpp§jand Phb2), or on B-oxidation
and metabolic stress (Etfrf1, Gek, Igfbp3, Ogdh, PexS, Pex13, Keapl and Sesn3).
Eightout of11genesarelisted in the GenAge database (build 21from August
2023).Colour andline styles define partnership types. There are 78 linksinmales
and 72links in females intotal, but only two overlap in both sexes. Extended Data
Fig.9 provides the same plots for all survivorships.

areshared at the mostlenient threshold in any survivorship (Extended
DataFig. 9 and Supplementary Table 12). The same pattern s true of
Soma-Soma and Vita-Soma interactions. Polarities of interactions can
even display sexual antagonism***; for example, the complementary
effects of the Vita2b CD genotype (blue line) across Vitalc genotype
columns (Fig. 5c). Although Vitalc does not have any main effect in
females (Figs.1leand 3aand Table 1), atest of epistasis exposes astrong
interaction at this locus with Vita2b in females (Table 2).

Epistatic partnerships are stronger (Fig. 2g,h) and more stable in
females than males as a function of age (Fig. 2g,h and Supplemen-
tary Table 12.3). For example, 21% and 17% of partnerships at T,, are
matchedat T,,oand Ty, respectively, infemales, but only 9% and 0% are
matched in males. Essentially all of these findings are consistent with
astrongly sex-dichotomized genetic architecture—a form of genetic
diplomacy that we presume harmonizes male and female phenotypes
withdivergent life history styles but necessarily convergent reproduc-
tive goals**®,

From maps towards mechanisms

As afirst step, we assembled data on variants within each locus that
are predicted to have an effect on protein function or with potential
roles in ageing* (Tables 1-4 and Supplementary Tables1and 13). We
also conducted global enrichment analyses of loci with respect to
Gene Ontology categories, KEGG (Kyoto Encyclopedia of Genes and
Genomes) and Reactome networks (Supplementary Table 16). Although
this process can help rank plausible candidate genes, there are hard
limits. The two largest loci almost certainly encompass many variants.
Vital7a extends from the centromere to 74 Mb (Table 1) and overlaps
the major histocompatibility complex, which has been known since the
1970sto be linked to variationinlifespan®s. VitaXa covers the proximal
70 Mb of chromosome X and is therefore an intractable oligogenic
male-specificlocus.

By contrast, Vitala and Vita9b are already tractable. Vitala is com-
pact, overlapping only 14 protein-coding genes, of which Mrpl15
(4.8 Mb), Atp6vih (5.1 Mb) and Rbiccl (6.2 Mb) are strong candidates
involved in mitochondrial function, autophagy and nutrient sensing,
respectively. ATP6VIH is notable, given its ubiquitous activity as a
modulator of lysosomal acidification* and mTOR function. Variants
inthis gene extend lifespanin Drosophila®® and Caenorhabditis elegans™
and modulateinsulin secretionand type-2 diabetes riskinhumans®. The
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unique data that we generated on epistatic interactions is mechanisti-
cally relevant because we now know that Vitalainteracts non-linearly
with Vitaéb, Vita9a and Vitallain females but not in males. These are
all strong constraint when ranking candidate genes for testing at all
three loci (Fig. 6g,h).

Vita9bis mechanistically intriguing because it modulates mortality
inboth sexesinolder survivorships, and also becauseitisareplicated
locus that was previously mapped inadifferent cohort™ (Fig. 6a, inset).
The Dand Hhaplotypes at Vita9breverse polarities of effectsin males
between T;,, and T,,,, and there are strong mortality rate inflections
inlate survivorships (Fig. 6b and Extended Data Fig. 202). By contrast,
Cand B haplotypes have uniform effects that peak at T, (Fig. 6¢). In
females, the effects are modest and are delayed to T, (Extended Data
Fig. 202). These age and sex differences are additional constraints in
candidate ranking as shown below for alignment to human longevity
genome-wide association studies (GWAS) data.

Vita9b spans 127 protein-coding genes with missense variants that
arepredicted to have moderate or highimpact. We tested 11 C. elegans
orthologues within Vita9b (Acadll, Hyall-3, Col6aé, Lrrc2, Ip6k2,
Trim71, Pocla, Stt3b, Pcbp4, Acp3 and Apeh) and 3 candidates just
distal to the locus (Slc22a13, Zfp445 and Csrnpl) using RNA interfer-
ence (RNAi) knockdown (Fig. 6e-h). All but one of these genes have
missense variants in UM-HET3 mice (Supplementary Table 14). Knock-
downs of 4 candidate genes altered motility, a validated predictor of
lifespan®*%, in aged worms older than 14 days (Fig. 6f,h). For example,
suppression of acds-10, an orthologue of the mouse Acadlil gene,
boosted motility from 18 to 27 days with an effect comparable to the
daf-2 (Igfirin mouse) positive control®® (Fig. 6f-h). In mice, Acadll is
trans-activated by p53, enhances fatty acid 3-oxidation, and increases
expression with age™ . This gene is a particularly high-rank candi-
date. Three other knockdowns reduced C. elegans motility after ten
days (Fig. 6f-h): pho-6 (Acp3in mouse), pes-4 (Pcbp4 in mouse) and
dpf-5 (Apeh in mouse); APEH is also well supported by human GWAS
dataon longevity.

To bridge the translational gap between mouse and human age-
ing®®¢!, we tested association between human orthologues of genes
in Vitala and Vita9b by Mendelian randomization®>, In the case of
Vitala, we did not detect significant effects of any of the candidates
wewere abletotest—LYPLAI, MRPL15, PCMTDI or TCEAI. Inthe case of
Vita9b, we were able to test 7 out of 11 genes that we tested in C. elegans
(Supplementary Table 14). APEH notably stood out. Variants in this
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Fig. 6 |See next page for caption.

gene are associated with parental longevity in humans (Benjamini—
Hochberg -logP of 3.7 with paternal age at death) and with indivi-
dual survivalinto the top 10% age group (Benjamini-Hochberg -logP

of1.37; Supplementary Table 15). Increased APEH expressionin human
bloodis positively associated with male longevity, inline with the mouse
genetics and our findings in C. elegans.
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Fig. 6 | Genetics of Vita9b and candidate gene analysis. a, Kaplan-Meier plot
for paternal haplotypesin male UM-HET3 mice at Vita9b, which corresponds

to human chromosome 3p21.1(46 to 53 Mb) and 3q22.2 (130 to 138 Mb). The
Dhaplotype has asurvival advantage compared with the H haplotype until

800 days of age (faint vertical line through a-e). The small Kaplan-Meier inset
boxisredrawnfromjJacksonetal.(2002), who detected the same effect at this
locusinaseparate cohort™ (linkage to marker D9Mit10).b,c, Contrasting effect
plots with for the paternal (Hand D) (b) and the maternal (Cand B) (c) haplotypes,
alongwith LOD scores at the bottom. Life expectancies of Hand D haplotypes
invertbetween T,s,and Toge. Those of Cand Bhaplotypes are durable. Shaded
bandsshows.e.m.d, Corresponding genotype plots for males (top) and
females (bottom) that are significant only in old survivorships. e, Design of the
C.elegans motility assay, in which RNAi for candidate genes in Vita9b were used
toknockdown expression of target transcripts starting at the larval L4 stage;
thefirst day of adult life. We used eightfold replication within plates and two
platereplicates. f, Age-dependent change of motility in controls (black), daf-2
(orthologue of mouse IgfIr) knockdowns (positive control, orange), and

knockdowns of candidate genes withsignificant effectsing,h. The vertical
blackline at 14 days marks the threshold of senescence. g, Lifelong motility
relative to controls (1to 30 days) with knockdown of candidate genes and daf-2
(Igf1r)-knockdown positive control. Box plots are based on at least 30 worms
perwell, 8 wells per cloneand twoindependent screens.Ing,h, we used
two-tailed t-tests, assuming unequal variance to establish significance witha
Bonferronicorrectionat*P<0.1,**P<0.05,***P<0.01and ****P< 0.001. Ratios
arenormalized to control valuesintegrated over the age range (ratios of areas
under the curve (AUC)). Of the 15genes tested ing, knockdown of three genes
reduces motility significantly: pes-4 (Pcbp4), pho-6 (Acp3) and dpf-5 (Apeh).

By contrast, knockdown of acds-10, an orthologue of mouse Acad11, increases
motility relative to the control, ina pattern resembling daf-2knockdown.

h, Motility during the aged phase of life (14-30 days; reproduction typically
ends before day10). The positive effects of knocking down daf-2 (Igflr) or
acds-10 (Acadll)inthis senescent stage are significant. Activityisreducedin
C41D11.3(Csrnpl) and pes-4 (Pcbp4) knockdowns with anominal Pvalue of 0.05,
whereas dpf-5 (Apeh) knockdown reduces motility with an adjusted P< 0.1.

Discussion

Most previous work on the genetics of ageing has defaulted to a sin-
gle metric—the duration of lifespan. The actuarial method that we
use tracks age-dependent mortality from puberty to senescence
as a function of genotype and sex. The 59 Vita and Soma loci shape
age-dependent mortality rates. Loci such as Vitalc and Vital8a act
only earlyinlife and are much more commonin males thanin females.
They are likely to be linked to male competition, hormone status and
stressresilience®*®*, Otherlociact almost exclusively from 500 to 700
days of age or affect only the oldest individuals. These late-acting loci
are the prime target of longevity genetics using human centenarian
cohorts® ¢, A final subset has persistent effects on mortality across
survivorships and may influence rates of ageing. The Vita and Somaloci
formhundreds of epistaticinteractions that are strictly segregated by
sex, and ignoring sex or mapping without modelling gene-by-sex inter-
actionsis problematic. Uncovering these networks of age-dependent
loci and their interactions provides an empirical genetic context for
molecular, cellular, organismal and life history studies of senescence
inmice and humans>*%%¢, We are able to place loci into age-dependent
mortality classes and to address their fit with three evolutionary expla-
nations of ageing'* ',

The first is that senescence is caused by late-acting variants that
escapeselectioninnatural populations owingto high extrinsic causes
of mortality—the mutation accumulation theory”. This idea predicts
post-reproductive effects of common genetic variants that are both
good and bad with respect to longevity, but more neutral during the
reproductive phase of life. Effects of this type should only emerge at
the onset of senescence; gradually, like Vita5a in males, or abruptly,
asthresholds of resilience are breached later in life. Examplesinclude
Vitala and Vitallb in females and Vita5a and VitalOa in males. The
second more physiological explanation is that senescence is a con-
sequence of acompromise between reproductive investment and
somatic self-repair®?. All early-acting Soma loci fit this disposable
soma argument—they are genetic embodiments of a bioenergetic
compromise between body mass at the height of reproduction and
subsequent duration of life. The third explanation is that ageing rep-
resents a Faustian bargain that boosts fitness early in life, but calls for
payment late in life—the antagonistic pleiotropy theory*®. Loci such
as Vita2a, Vita2b, Vita2c and Vita9b (Fig. 6b) are vivid examples that are
consistent with this idea, in that genotype effects of loci on mortality
invert with age. A simple prediction is that alleles that improve fit-
ness before 400 to 600 days are linked to higher reproductive success
but also to accelerated mortality. The dynamics of Vita and Somaloci
provide a bridge between evolutionary explanations of senescence
and genetic and molecular processes that account for progressive
functional decline®®’,
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We have defined 13 loci with strongest effects in males, 4 loci with
strongest effects in females, and 12 loci with strongest effects when data
from both sexes are pooled. This male bias is as pronounced among
Somalociasitisamong Vitaloci.Sex differences inthe genetics of life-
span are amplified by their epistatic interactions, mirroring findingsin
Drosophila™. The divergence is so large that we are tempted to call this
patternsexual antagonism, although sexual diplomacy or compromise
maybebetter terms. This genetic imprint is highest during the reproduc-
tive crescendo®, across the same age ranges that contribute to strong
trade-offs between body mass and life expectancy that are accentu-
ated by many male Soma loci*. After reproduction, natural selection
is necessarily mute, and male and female life expectancies converge.

Ouranalysis of sources of variability that contribute to age-dependent
mortality differences between the sexes isincomplete. The higher
genetic variance attributable to Vitalociin males than in females was
unexpected, andis reflected in greater success in detecting male Vita
and Soma loci. By contrast, the higher variance due to experimental
factorssuchas site and dietary additives does not yet have any patho-
logical explanation (no wounding or sudden weight loss). Male-male
interactions are a likely but unproven culprit. The loss of cage mates
in older survivorships may explain the marked reductionin V,,, in
males after T, (Fig. 2g) and in females after Tg,,. The relentless rise
of other sources of variability (V,) probably reflects the increasing
importance of hundreds of age-dependent frailty-associated loci that
we have not modelled, as well as stochastic age-related diseases. This
variance source must be the driver of the Gompertzian climb of mor-
tality rates with age. The genetics of body mass coupling with lifespan
ismuch stronger in males than in females, particularly in the younger
survivorships. Interventions to blunt this coupling would therefore
tend tobe more effective if applied proactively early in life. By contrast,
interventions that target geriatric cohorts—mice older than 800 days
or humans older than 75 years—will probably have to contend with
diverse drivers of escalating age-dependent diseases.

The ITP has tested pro-longevity effects of 62 drugs, about 25% of
which have had positive effects. Less noted is a strong bias in favour of
positive effects in males (updated to the 2021 cohort)”. Rapamycin s
one welcome exception, with beneficial pro-longevity effects in both
sexes even late in life. The loci that we have defined serve as anchor
points to test compounds that modulate mortality and to determine
whether theyinteract with known loci or define drug-specificlociasa
function of sex and age. Our results can guide interventions to extend
health and longevity”> ™.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
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Methods

The UM-HET3 sibship

UM-HET3 mice are progeny of across between two types of F, hybrids—
female F, mice from matings of BALB/cByJ dams to C57BL/6] sires and
male F, mice from matings of C3H/HeJ dams to DBA/2J sires. These four
inbred progenitors are abbreviated CBy, B6, C3H and D2 whenreferring
to mice and strains, and abbreviated C, B, H and D when referring to
genotypes and haplotypes. These four fully inbred strains were selected
to maximize phenotypic diversity. Young virgin F, males and females
bredattheJackson Laboratory (JL) JAX facility were transferred to ITP
ageing colonies atJLin Bar Harbor Maine, the University of Michiganin
Ann Arbor Michigan (UM) and the University of Texas Health Science
CenterinSan Antonio (UT). Breeding cages were set up in spring. First
litters were not used. All subsequent litters were used at UT, litters of 6
or more pupswere used atJL, and those with 7 or more pups were used
at UM. Weanlings were entered into the study over the next 7-8 months.

This study is based on tail samples acquired initially at the three ITP
sites in accordance with standards of the Association for the Assess-
mentand Accreditation of Laboratory Animal Care and recommenda-
tions of the National Institutes of Health Guide for the Care and Use
of Laboratory Animals, including annual reviews and approvals of all
protocols. Links to data for ITP papers and data are available at the
Mouse Phenome Database”.

All mice in the first four cohort years were born between April
2004 and January 2008. In these cohort years we have numerically
well-balanced DNA samples from all sites. Almost no mice were gener-
ated in 2008 owing to a funding gap. All mice in the final cohort years
used in this study were born between July 2009 and March 2013. The
2009 cohort includes mice from all sites, but 2010 and 2011 include
mice only from UM and UT, and cohort years 2012 and 2013 include
mice only from UM. The last UM-HET3 mouse in this study died in
21 December 2015. In all years, only asmall percentage of mice (<10%)
werebornbetweenJanuary and April. Mice were weighed at 42 + 2 days,
and at 183 days (6 months), 365 days (12 months), 548 days (18 months)
and at 730 days (24 months) with a timing error of -7 days.

The UM-HET3 sibship segregates for ~-10.6 million sequence variants
(Supplementary Table1). AllUM-HET3 mice inherit Cand B haplotypes
from their F, mothers and H and D haplotypes from their fathers. As
aresult, the entire sibship segregates for four genotypes, the four
two-way combinations of maternal and paternal haplotypes, on all
autosomes—CH, CD, BH and BD. Females inherit one entire non-
recombinant H-type chromosome X from their paternal grandmothers
and a potentially recombined chromosome X from their mothers
(recombinations between Cand Bhaplotypes only; Fig. 3g). Asaresult,
females have either CH or BH chromosome X genotypes. Hemizygous
males inherit a potentially recombined C or Bchromosome X from
their mothers. All mitochondria and their genomes in all animals are
derived from maternal grandmothers (C) and male chromosome Y is
derived from paternal grandfathers (D).

We genotyped 6,872 UM-HET3 mice for which we had full lifespan
estimates (n = 3,252 females, n = 3,620 males). Of these genetic siblings
6,438 passed all genotype quality control steps at 891 markers (n = 3401
females, n = 3037 males; see Fig. 1c and ‘Genotype quality control’). To
ensure balanced numbers by sex later inlife, every ITP cohortinitially
consists of 51male and 44 female weanlings per year, per site and treat-
ment category, but with twofold more common untreated controls
at each site. This was done to enable overly aggressive males and any
wounded mice to be removed while balancing male and female num-
bers later inlife—almost always before 550 days. The earliest minimum
inclusionagein this study is T,,, the pubescent age at which tails were
docked for tissue acquisition, an age equivalent to about 12 years in
humans. For numerical convenience we set the first T-age at T;. To
compensate for twofold higher male mortality in the first 2 years of
life (33% versus 16%), we included 12% more males than females in the

T,, survivorship. The earliest death was at 46 days. This left us with a
small surplus of 227 males at T,,, but by T, numerical balance was
restored and there were 2,930 females and 2,929 males. This age cor-
responds to roughly 56 years of age in humans. All individual-level
data, metadata, survivorships and mortalities per 15-day interval are
provided in Supplementary Table 2.

We genotyped two major categories of mice—those not treated with
any dietary intervention and mice treated with a dietary supplement
that did not modify lifespan significantly on a per-drug basis using
standard statistical criteria 7%, These latter mice have been referred
to as ‘no drug effect’ (NDE) cases. However, when data are combined
across the entire class of these individually ‘ineffective’ agents from
2004 t0 2013, thereis a highly significant combined effect that is posi-
tive on lifespan (Fig. 2i,j).

Husbandry

Mice were weaned into same-sex cages—three males or four females per
cage—at 20 +1days(ref.22). They lived together fromweaning to death
withoutany replacements within cages. As aresult, most micelived alone
after~1,000 days, a factor to consider with respect to mortality risks, but
notyetintegrated into our analysis. From 2004 until 2013, all sites used
NIH-31standard diets. For breeding cages, UM used Purina5008, UT used
Teklad 7912, andJL used Purina 5K52. For mice up to ~122 days, UM used
Purina5001, UT used Teklad 7912, and JL used Purina 5LG6. After 2004,
asingle control diet—LabDiet SLG6—was used by all sites. Mice were
monitored daily for signs of ill health and aggression and euthanized if
moribund. Tails were obtained at 42 + 2 days for DNA extraction. Body
mass at this age was acquired for 2,459 mice, and at half-year intervals for
4,688 mice at 183 days (6 months), and down to 2,208 mice at 730 days
(24 months). Our analysis includes four experimental variables—sex,
site, dietary drug treatment and cohort year (Supplementary Table 3).
The class of nominally ineffective treatments included in this study
arelisted on Mouse Phenome Database ITP Portal under the acronyms
40OHPBN, CAPEhi, CAPElo, Cur, Enal, FOhi, FOlo, GTE, HBX, 1767d, MB,
MCTO, MET, NFP, OAA, Res07, Reshi3, Reslo3, Simhi, Simlo and UA.

DNA extraction, sequencing and sequence alignment

Tail tissue was processed using the MagMAX magnetic-bead extrac-
tion system and genomic DNA was quantified using a Qubit 4 fluorom-
eter and a high-sensitivity DNA assay kit (Thermo Fisher Scientific).
Locus-specific PCR primers were designed using BatchPrimer3” to gen-
erate 180-bp amplicons. They were mixed using an optimized Hi-Plex
approach at Floodlight Genomics. Sample-specific 12-bp barcodes
were added and amplicons were pooled®. Primer sequences for mark-
ers with reference SNP rs identifiers are provided in Supplementary
Table 4. The amplicons were sequenced to anaverage of x1,000 per tar-
geted DNA variant on anllluminaNovaSEQ (2x 150 bp reads). Data were
demultiplexed and FASTQ files used for genotyping. FASTQ files were
aligned to M. musculus GRCm38.p6/mml0 reference using Bowtie 2
(v2.3.4.1)%.. BAM files were sorted and indexed using samtools (v1.6)%,
and read group information was added using picard tools (v2.14.1).

Variantcalling

We called short sequence variants using bcftools®? in three steps:
(1) we created text pileup output for all BAM files using mpileup with
mapping quality of 30 or greater; (2) we called using default settings;
(3) we removed variants with aread depth of less than 100 across all
samples or a QUAL score of less than 100. Sequencing depth per case
was used as an additional criterion for filtering reads. Sequence for
C57BL/6J, C3H/He) and DBA/2) was downloaded from the Wellcome
Sanger Mouse Genome Project® (https://www.sanger.ac.uk/data/
mouse-genomes-project) and that for BALB/cByJ was generated by
Beierle and colleagues®*. From these files we extracted variants that
differamong the four founders (Supplementary Table1). Variants were
calledinthree steps as above, the differences being that the minimum
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depth was reduced to x10 and QUAL score to >30. Variants that were
calledreliably inall founders were advanced for genotype phasing and
mapping. VCF files with variant data on UM-HET3 and their founders
are provided in Supplementary Table 5.

Genotyping by Sequenom MassARRAY

Tails were placed in deep-well plates and sent in three batches to
Neogen Corporation. Individuals were genotyped by SNP genotyp-
ing by Sequenom MassARRAY MALDI-TOF mass spectrometry® at a
maximum of 270 markers. Fifty markers were removed after quality
control, based on deviations from expected allele frequency (0.35 <
frequency < 0.65). We chose pairs of linked markers to define maternal
and paternal chromosome genotypes.

Phasing SNP genotypes

SNP genotypes were phased using R v4.0.2 (script at https://github.
com/DannyArends/UM-HET3). We generated fully phased haplotypes
for all sets of maternal and paternal autosomes and chromosome X.
Markers fall into those that unambiguously define maternal haplo-
types (n =486, Cversus Balleles and pink lines in Fig. 1c) and paternal
haplotypes (n =396, H versus D alleles and blue lines in Fig. 1c). We
generated diploid genotype probabilities at all positions from phased
chromosomes using the calc.genoprob() functioninR/qtl. Markers were
reviewed and those that had a call rate <30% were excluded. When we
plot genotype or haplotype effects (Extended Data Figs. 2-5), we call
genotypes and haplotypes when imputation certainty is greater than
80%. We used R/qtl to estimate number of recombinations per mouse.
The mean *s.d. value was 25.1 + 8.6. Just over 370 animals had recom-
bination numbers more than 2x s.d. above this value. We excluded 59
mice that had more than 80 recombinations, avalue likely to be caused
by sample cross-contamination. The final genotype files are available at
GeneNetwork.org®#8 by setting Species = Mouse, Group = Aging Mouse
Lifespan Studies (NIA UM-HET3), and Type = DNA Markers and SNPs and
pressing the Info button. Supplementary Table 6 lists all genotypes.

Genotype quality control

Markers and individuals with greater than 90% missing data were
removed from further analysis (n =333). We converted data from
genotypes into parental haplotypes (see ‘Phasing SNP genotypes’).
Markers were checked for Mendelianinheritance errors and removed
when missing data after conversion exceeded 90%. We integrated Mon-
sterPlex and Sequenom marker sets based on genomic positions. We
inspected the marker map for linkage between neighbouring markers
and removed a single marker (chr. 4_58784823) which did not show
linkage to its neighbours. We also removed 20 individuals that died
of unnatural causes and 22 that we inadvertently genotyped that had
received an effective drug supplement. Finally, we constructed an R/qtl
cross object for imputation using the remaining mice, imputed their
haplotypes based on the full population (n = 6,438). Supplementary
Table 7 shows the R/qtl cross object used for most analyses.

Inversions in the UM-HET3

There is a large inversion on chromosome 6 of the C3H/HeJ progeni-
tor strain® between 51 Mb and 94 Mb which will affect regional map
precision. Therecombination fractionin thisintervalis 0.00025 versus
an expectation of 0.21. At least 42 Mb of the paternal chromosome is
locked in linkage. We detected a total of 13 potential inversions rang-
ing in size of 3.5 to 54 Mb. Six suppress recombination on the mater-
nal chromosome and seven suppress recombination on the paternal
chromosome (Supplementary Table 8). There is overlap of maternal
and paternal inversions on chromosomes 4, 7 and 11.

Lifespan estimates depend on age of entry
Based onwork by Kénig and colleagues®?°, we know thatin wild com-
mensal populations of mice, 35-40% of pups do not survive beyond

weaning. At birth, mean lifespan can be as low as 196 days. By 13 days,
the mean expectancy hasimproved to 250 days for males and 500 days
for females. We make these points to emphasize that lifespan estimates
aremade with reference to an operational starting point—a minimum
ascertainmentbase age for apopulation. Researchers oftenincorrectly
imply that mean lifespan is estimated from the date of birth, but this
neglects earlier and often unknown numbers of deaths—referred to as
left truncation. In our case we can only measure lifespan for UM-HET3
progeny thatlived to be pubescentjuveniles. When we say that the mean
lifespan of the 6,438 sibs in this study is 844 + 210 days (mean t s.d.,
median of 870 days), we mean that this is the mean age at death condi-
tioned onamouse havinglived to atleast 42 + 2 days—the age at which
tail tips were taken for DNA extraction.

Inasimilar way we can determine the mean lifespan or life expectancy
of the survivorship subsets of UM-HET3 mice that lived to be at least
185,365, 545,725 0r 1,100 days (roughly 0.5,1,1.5,2 and 3 years, respec-
tively). The mean conditional lifespans of those five survivorships or
age cohorts are 847 £ 206, 861 +188,890 + 160,941+ 126 and 1,162 +
54 days (mean t s.d.), respectively. The oldest mouse was a female that
died at1,456 days. Werefer to these different ages at which lifespan can
be computed as either survivorships or cohorts.

The actuarial procedure consists of sequentially studying progres-
sive older and therefore smaller survivorships fromthe radix popula-
tion of 6,438 mice in Fig. 1a. The minimum T-age is 42 days. Between
T,,and Ts,days asingle male died. We truncated survivorships upward
in 15-day steps from Ts; to T, 1o, @ cOnvenient step size for plots that
can also be rationalized as roughly the range of survivorship T-ages
(1,065 days) divided by the square root of the radix (n of 6,438). The
first anchor point age was defined as 35 days in order to align plots at
365 days (1year), 725 days (-2 years) and 1,100 days (-3 years) using
72 steps. We explored both right and bilateral truncation but do not
cover the analyses here.

The actuarial mapping strategy is affected both by lower sample
size and by right skew at higher truncations. To ensure that our results
are not affected by this, we used three approaches. First, we use a
non-parametric quantile regression in combination with standard
parametric mapping to make sure associations are detected using both
methods®”. Second, we limited ourselves to amaximum T-age of T ;.
Third, weused atime-dependent hazard function to validate Vitaloci.

We tested a complementary approach for mapping under the
assumption that loci contribute to variation in the time-dependent
hazard function as in our previous work” but with refinements.
We carried out a test at each marker of the null hypothesis that the
(time-dependent) hazard function of death does not depend on geno-
types. To do this, we used amodel where the hazard functionis allowed
to depend smoothly on age with haplotype and baseline covariates,
using natural splines with three degrees of freedom. For computational
tractability we created risk sets with 50-day windows®2

Implementation of actuarial mapping

We mapped in15-day survivorship steps from T, to T, ;o,. Mapping was
performed using both conventional four-way mapping of genotypes
at891 markers (Fig.1c) or by restricting analysis to each of the parental
haplotypes—Cversus Bonthe maternal chromosomes (n = 495 markers),
and Hversus D on the paternal chromosomes (n =396 markers). Note
that chromosome X only segregates for maternal C and B haplotypes
inboth sexes (Fig.3g).Ingeneral, mappingall four genotypes provides
better power. Thismethod defined all lociin Tables1and 2 and full LOD
scores across all survivorships are illustrated in Extended Data Figs. 1
and 2. The nullmodel (model(H,)) and alternative model (model(H,,))
were fitted at each marker using the following linear models:

model(H,) : lifespan = sex + site + cohort + treatment + error

model(H,,) : lifespan = sex + site + cohort + treatment + gtp + error
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Sex hastwolevels (M, F), site has threelevels (JL, UT and UM), cohort
year has nine levels (no animals were generated in2008), treatment has
two levels—untreated controls and cases that received adrugthat had
no significant effect on lifespan. The gtp (genotype probability) term
is an nrow by four-column matrix, where nis the number of individu-
als used in the mapping, and columns are genotype probabilities for
markers computed by R/qtl (v1.48-1)°*%*, Sex was dropped as a co-factor
from the regression model when mapping was stratified by sex. LOD
scores were computed by comparing the fit of the null model with the
fit of the alternative:

LOD = (n/2) x log,(sum(residuals(Hy)*)/sum(residuals(H;)?))

Mapping on chromosome X requires special care due to the four-way
crossstructure and greater difficulty defining highly reliable markers
for haplotype, particularly close to both telomeres.

Actuarial effect size plots, their errors and interpretation

We use the four-way mapping algorithmimplemented in R/qtI®** while
controlling for sex, site, cohortyear and drug treatment. We compute
maps for survivorships starting from T,, up to T, 4, (Fig. 1a,d-f). We
introduce anewtype of actuarial plotsin Fig.1b,d,e. The x axis defines
the minimum inclusion age (T-age) of each survivorship. The expected
increasein error termsin older survivorships with lower sample sizes
aremitigated by the reduced range over which animals die within pro-
gressively older survivorships—from 1,410 days at T,, to 356 days at
T,100- Errors of lifespans of survivorships are relatively stable—from
844 + 210 (mean +s.d.) in the T,, base population (s.d./range of 15%)
t01,162 + 54.4 (mean + s.d.) in the last T, ;oo survivorship (s.d./range
of 15%). When interpreting effect size plots note that increases and
decreasesin mortality ratesamong subgroups are relative to the mean
lifespan of that T-age.

The T-age of a survivorship always refers to an entire age range.
Actuarial truncation in a forward direction means that the oldest-old
mice are embedded in every survivorship. Reverse truncation flips
the polarity by truncating from oldest to youngest and defines exit-
ships. The ;44T exitship consists of mice that died before 1,100 days
and complements the T, ;o survivorship. The combination of forward,
reverse and even two-sided truncations is useful to dissect potential
causes of mortality in age-restricted subpopulations. In this paper we
restrict attention to forward truncations.

Significance testing for actuarial analyses

Weevaluated the significance of mapping results across two axes: (1) the
spatiallocation of markers and theirindependence across the genome;
and (2) thetemporal axis and the number of effectivelyindependent actu-
arial tests using left truncation that progressively excludes mice that died
beforereaching the T-ages. We mapped using 891 markers but given the
significantlinkage between markers we effectively tested about 442 inde-
pendent genome locations. This number of independent tests was esti-
mated using the simpleM method withablock lengthranging from10to
500 markers and a10-marker step size®. The threshold ata genome-wide
typelBonferronierrorrate of 10%is 3.65LOD (-log,,(0.1/442) at 5% it is
3.95,and at1%itis4.65. These are conservative thresholds. For maternal
and paternal maps, the density of recombinationis reduced by half, and
corresponding thresholds are 3.44,3.65 and 4.34.

Locus confidence intervals

We used the standard1.5LOD drop to estimate the confidence interval
of linkage®”. We also estimated the temporal duration of action of loci,
defined as the range of T-ages over which a locus has strong effects.
The start and stop T-ages of these temporal confidence intervals are
those that immediately precede or succeed survivorships that are
genome-wide significant. For example, if linkage is above LOD of 3.95
from T, to T,ys survivorships, then the T-age confidenceinterval of the

locus is from Tss, to T4,. This criterion is not conservative when only
a few survivorships have significance. In this latter case, we defined
the T-age range that brackets the peak T-age by atleast a1.5LOD drop.

We evaluated the impact onsignificance testing of mapping multiple
nested survivorships usinga Cauchy combination test®® at each marker
across all survivorships (Table 1). Cauchy Pvalues were adjusted for
multiple testing using a Benjamini and Hochberg correction toaccount
for multiple testing across markers, and the Cauchy -logPin Table 1 of
>1.50 is significant at a P of less than 5%.

Locus names and ambiguities

Locus names are prefixed with Vita, Soma and Massidentifiers followed
by chromosome and a letter suffix (for example, Vitala, Soma2b and
Masslic). When the 95% confidence intervals of two adjacent QTLs
overlap, and the genotype and haplotype effects appear to be the same,
loci are generally assigned the same Vita identifier. For such ‘merged
loci’, the 95% confidenceintervalis reduced to the overlappinginterval.
Determining whether alocusis detected in different subsets of the sib-
ship is somewhat subjective, examples being Vita3a and Vital4b that
could have been split into two loci by sex and T-age. We provide data
forlinkage scoresinall three categories (sexes combined, females and
males) for Vitaloci (Supplementary Table 9), Somaloci (Supplementary
Table 10) and Mass loci in (Supplementary Table 11).

Testing for sex interactions

There are significant differences between male and female stratified
survivorship maps. To investigate this formally and to detect significant
sex-marker interactions modulating age-specific lifespan we tested
sexinteractions of Vitalociat the T-age with the peak LOD (Fig. 3a). We
computed the LOD score difference of two models against each other:

model(H,) : longevity

=sex +site + cohort year + treatment + gtp + error

model(H,) : longevity

=sex +site+ cohort year + treatment + gtp + gtp : sex + error

Since we are only interested in significant sex interactions at previ-
ously detected Vitaloci (excluding only VitaXa) we used a Bonferroni
correction based on 28 markers. ALOD score above 2.75 is significant
(-log,x(0.05/28)).

Testing pairwise epistatic interactions

Atwo-dimensional analysis of marker-marker interactions affecting life
expectancies was performed by testing the following models against
each other in four survivorships—T,,, Tsgs, T740 and Togs.

model(H,) : lifespan

=sex +site + cohort year + treatment + gtp,_, +gtp, , +error

model(H,,) : lifespan
=sex + site + cohort year + treatment + gtp,_ +gtp,_,

+gtp_, :gtp,_,+error

We computed the difference in fit between H, and H,. as explained
in‘Implementation of actuarial mapping”. To limit numbers of tests, we
initially tested interactions between the 29 Vita loci (Table 2), exclud-
ingall pairs of loci on the same chromosome (Fig. 5a). Thisresulted in
the matrix of 387 non-syntenic tests of pairs of loci per sex. We used
Bonferronicorrections for most work. With 387 Vita-Vitatests,aLOD
of approximately 4.0 is appropriate, but for more comprehensive tests
ofalllociinall4 survivorships (11,768 tests) the corresponding P < 0.05



thresholdis 5.37, a value that limits the yield of interactions to only 50
(Supplementary Table 12). By contrast, the Benjamini and Hochberg
test suggests that 966 interactions have FDR of less than 0.005 (Sup-
plementary Table 12.2). We opted for a compromise and analysed a
total 289 unique epistatic interactions that are visualized in partin
Fig. 5g,h for the T, survivorship, and much more comprehensively
Extended DataFig. 9 for all 4 survivorships. Allinteractions have LODs
greater than 3.8. Of atotal of 11,768 tests fewer than 4% have LODs > 3.8
(Supplementary Table 12).

Visualizing genetic modulation of mortality rates

We plotted age-dependent mortality and the HRs of haplotypesto give
moreinsightinto the specific ages over which genetic differences oper-
ate with more or less force. We computed mortality rates of maternal
and paternal haplotype pairs (C versus B, H versus D) for males and
females separately. We used LOESS smoothers with span parameters
of 0.2 (Extended Data Fig. 4), and adaptive LOESS with a span of 0.3
(refs. 99-101) with shorter spans over ranges with high numbers of
deaths (800-950 days) and longer spans over ranges with few deaths
(Fig. 2f).log, HRs greater than 0.6 represent relatively strong genetic
effects (HR >1.5or HR < 0.67 in Fig. 2f).

Body mass versus lifespan analysis—the Somaloci

Body masses were measured at 42 days (right before tails were biop-
sied for genotyping); and at 183, 365, 548 and 731 days (6, 12,18 and
24 months). We used these data to map loci for body masses for both
sexes so that we could align and compare body mass loci with Vitaand
Somaloci(forexample, Fig. 5a-c). Sample sizes for mapping Massloci
range fromalow of 2,459 at 42 days to a high of 4,688 at 183 days (Sup-
plementary Table 11.1). Models used are like those used for mapping
Vitaloci, but the variable is body mass at each of five ages.

Actuarial analysis of Somaloci
To investigate the effects of body mass on lifespan, we adjusted body
mass and lifespan using the model:

Lifespan =mean(Lifespan) + residuals(Lifespan - Sex

(adjusted)
+Site + Cohort + Treatment)

BWagjusteq) = mean(BW) + residuals(BW - Sex
+Site + Cohort + Treatment)

Where BW isbody mass. This model includes mice for which we have
lifespan and body mass data at one or more of the five weight ages. We
computed the sex-stratified Spearman rank order correlations between
body mass at 42,183, 365, 548 and 730 days with lifespan in 15-day
increments (Fig. 4d-p). We compute the -logPof the difference in cor-
relation between males and females using the cor.test functioninR.
The average correlationin the combined population between adjusted
body mass at 183 days (-6 months) and adjusted lifespanisrho = -0.206.
When computed for males, correlationis stronger (rho = -0.284), while
itis weaker for females (rho = -0.110).

CTL mapping

We used correlated trait locus (CTL) mapping® to determineifa distinct
set of loci modulate correlations between body mass and subsequent
lifespan (Tables 3-4). Before using this procedure, we adjusted body
mass and lifespan using sex, site, cohort year, and drug treatment as
covariates. At each marker we stratified survivorships based on geno-
types. Ideally, the sample size for each subgroup would be above 400,
but in some cases, N was as low as 200 due to genotype uncertainty
and to the lower sample sizes at T,, (N =2549) and T,;, (N =2208). We
computed rho correlations for each genotype with n>100 and the
z-scores associated with differences:

z=0.5xlog((1.0+ p)/(1.0 - p))

Here corisafour-value vector containing the observed correlations
for CH, BH, CD and BD genotypes. We compute the sum of squares
(sumOfSq) by multiplying the observed sample sizes (ss) of the CH,
BH, CD and BD genotypes to the squared z-scores:

sumOfSq = sum(ss*z?)

We compute the squares of sums (sqOfSum):

sqOfSum = sum(ss*z?)

Using these values, and the sum of the sample sizes on which each
correlationis based, we compute the critical value (Cv) which follows a
chi-square distribution under the null hypothesis that all correlations
(z-scores) are from the same distribution:

Cv =sumOfSq -(sqOfSum/sum(ss))

The Cvis converted to a P value using the chi-squared distribution
using the pchisq() functioninR, with PLX > x] and three degrees of free-
dom (number of genotypes - 1).

We adjust the significance threshold for multiple tests using the
p.adjust functionin Rat a 5% FDR (refs. 39,102). The 5% FDR thresh-
oldis approximately 2.75 -logP. While still stringent, this threshold is
less harsh than that applied to Vita loci that use a highly conservative
Bonferroni correction. Our rationale for this difference is our use of
conservative non-parametric rho for comparing correlations of body
mass to lifespan. Differencesin correlation correspond to days gained
orlost relative toanaverage individual that canbe converted to effect
sizes measured in days gained or lost per gram of body mass. We com-
puted the linear regression coefficient for body mass on lifespan for
the four genotypes as:

Lifespan =mean(Lifespan) + 8 x bodyweight

(adjusted) (adjusted)
where mean(Lifespan) is the intercept of the total population (all
genotypes combined), while the § coefficient is the estimated effect
size of body mass on lifespan based on the subpopulation defined by
each genotype (Table 4). This leads to effect sizes relative to an aver-
aged mouse. Whilethere are caveats with respect tointerpreting these
effects because they are computed relative to this mean, these values
give readers a sense of the impact of Soma loci on life expectancies.

Broad-sense haplotype-based heritability

We compute broad-sense genotype-based heritability by fitting a full
model including the haplotype probabilities of the 29 top markers of
all Vitaloci:

lifespan =sex +site + cohort + treatment + gtp . .

F8WPyiarp T -+ T BPyjax T EITOT

(T-age)

Broad-sense haplotype-based heritability is estimated by fitting
thismodelto all survivorships. When stratifying by sex, sex is dropped
from the model as well as from the H?, component described in the
computation of environmental variance component below. Comput-
ing heritability is done by taking the following approach, adapted from
Falconer'®and Lynch and Walsh'®* using five steps:

Step 1: The vector of partial total variances (PTV):

PTV= (02 - ozresiduals)/r

Step 2: Anadjustment factor adj—the sum of the mean sum of squares
for the fixed effect including the residual variance:

adj=sum(a®/r
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Step 3: The contribution of each parameter in PTV to the model:

C*,=PTV/adj

Step 4: The total broad-sense genotype-based heritability:

H2 = Criata + Cvicann* ..+ Crieaxa

Step 5: The environmental variance:

Hze = Czsex + Czsite + Czcohor( + Cztreatment
where ¢? is the vector containing all the means of sums of squares
(including the residual) computed by the ANOVA model. 0% g iS
the residual mean sum of squares. r is the average number of repli-
cates for each genotype. H, can be interpreted as the broad-sense
genotype-based heritability as a sum of all Vita loci. H?, is the envi-
ronmental variance estimate of the known environmental covariates.
Unexplained variance H2, can be computed as:

H%,=1- (H*,+H?)

To obtain upper and lower bounds on H*, and H?, we generated 50
bootstrap resamples and fit the ANOVA model to each usingarandom
subset of 90% of the survivorship. We computed median and standard
deviations across all bootstraps to estimate errors of H%, and H. as a
function of survivorship T-age.

Candidate genes analysis

All annotated features located within the 95% confidence interval
were downloaded using BioMart'®. We applied several criteria to pri-
oritize positional candidate genes: (1) first, we considered only the
protein-coding genes that reside in the 95% confidence intervals; (2) we
then selected genes with annotated non-synonymous SNPs segregat-
ing in the population, and these were further ranked by the potential
deleterious effect based on the ENSEMBL variant effect predictor'®s;
and (3) another priority score for the candidate genes was based on
whether they were listed as ageing and longevity genes in GenAge'””.
We also compared our positional candidate genes against known
human, C. elegans, D. melanogaster and Saccharomyces cerevisiae
genes reportedly associated with age in GenAge. To accomplish this,
we use biomaRt to convert mouse gene symbolsto the corresponding
species-specific orthologous gene symbols. Supplementary Tables 13
and 14 provide access to allgene models and variant types segregating
in Vitaand Somaloci.

Gene set over-representation analysis

We analysed gene set enrichment in Vita and Soma loci using R. Gene
annotations were retrieved from Ensembl viabiomaRt, retaining only
mouse protein-coding genes, but excluding olfactory receptor genes
(OIf*, n=1,427), vomeronasal receptor genes (Vmn*, n = 595), pre-
dicted genes (Gm*, n=1,246) and RIKEN cDNA sequences (n =490).
For each locus we tested set over-representation against our filtered
whole-genomebackground (n =18,830) using clusterProfiler for Gene
Ontology (Biological Process, Molecular Function, Cellular Compo-
nent), KEGG pathways and Reactome pathways. Anadjusted Pcut-off of
0.2 was applied to capture marginally significant enrichments for sub-
sequent analysis. Results are summarized in Supplementary Table 16.

C. elegans candidate gene screening of Vita9b

Out of 262 protein-coding genes in Vita9b, we highlighted 98 with
missense variants and a subset with C. elegans orthologues using
Ortholist2'°® (Supplementary Table 16). From these, we selected a
subset of 15 genes (Fig. 6g) represented in the Ahringer C. elegans
RNAi library'® for testing: (1) acds-10 (orthologue of mouse Acad1l);
(2) chhy-1 (Hyall, Hyal2 and Hyal3); (3) oct-1 (Slc22a13); (4) col-135
(Col6aé); (5) frm-8 (Frmpdi); (6) let-413 (Lrrc2); (7) F30A10.3 (Ip6k2); (8)
lin-41(Trim71); (9) lis-1 (Pocla); (10) stt-3(Stt3b); (11) C41D11.3 (Csrnpl);
(12) znf-782 (Zfp44S5); (13) pes-4 (Pcbp4); (14) pho-6 (Acp3); and (15) dpf-5
(Apeh). We also screened using the L4440 empty vector control and
daf-2 (Igflr) as positive control. The sequence-verified single RNAi

clones were inoculated in 10 ml lysogeny broth (LB) with ampicillin
(100 pg mI™) and tetracycline (50 pg ml™) overnight at 37 °C. The next
day, 5 mlof LBwith 0.5 mMisopropyl 3-D-1-thiogalactopyranoside was
addedandinoculants wereincubated for 30 min at 37 °C with shaking
for pre-induction. The bacterial inoculants were centrifuged (3,700 rpm
for 15 min) and the pellet was resuspended in 10 ml liquid NGM with
50 ug mI' IPTG, 100 pg ml™ ampicillin and 13.32 mg mI™ nystatin.

Gravid adult stage TJ1060 [spe-9(hc88);rrf-3(b26)] C. elegans were
synchronized by bleaching. Resulting L, stage worms were suspended
in concentrated heat-inactivated OP50 bacteria in liquid NGM and
transferred into U-bottom 96-well platesinafinal volume of 100 pl. The
worms were grown on an orbital shaker (Heidolph Titramax 1000) at
600 rpm until they reached the L4 stage (2.0-2.5days) at 25°Cto pre-
vent progeny production. When worms reached L4 stage, 20 pl of bac-
terialinoculant of each RNAi clone were added into single wells of the
U-bottom 96-well plates containing worms. At least 30 worms per well
and 8 wells per clone were used for two independent screens. The Micro-
Tracker (InVivo Biosystems) system was used to measure motility inliq-
uidin96-well plates by infrared beam breaks. Plates were measured daily
foraperiod of atleast 90 min. Significance of differencesinactivity were
estimated using the AUC (Fig. 6f) for either the full lifespan (1-30 days
relative lifelong motility, Fig. 6g) or only after 14 days (Fig. 6h) using a
two-tailed t-test of control-normalized AUC values assuming unequal
variance and using a Bonferroni correction for 15 tests.

Mendelian randomization analysis

We used Mendelian randomization methods to rank the translational
relevance of genes within Vitalociagainst their human orthologues. We
extracted lists of protein-coding genes within Vitala and Vita9b with
significant human cis-expression quantitative trait loci (cis-eQTLs) in
blood from eQTLGen (31,684 individuals)"° as exposures (Supplemen-
tary Table 15). As outcome variables, we used summary statistics on
parental longevity™"2from the IEU OpenGWAS project™ and on human
longevity™ from the GWAS Catalog'. We tested for potential causal
effects of variationin expression on: (1) extreme longevity of at least one
parent (>95 years of age, IEU OpenGWAS.io trait ebi-a-GCST003395)"";
(2) both parents in the top 10% of longevity (IEU OpenGWAS.io trait
ebi-a-GCST006698)"?; (3) mother’s age at death (IEU OpenGWAS.io
trait ebi-a-GCST006699)""%; (4) father’s age at death IEU OpenGWAS.
io trait (ebi-a-GCST006700)"?; (5) mean parental age at death (IEU
OpenGWAS.io trait ebi-a-GCST006702)"%; (6) individual survival
into the top 10% (GWAS Catalog: GCST008598)™; and (7) individual
survival into the top 1% (GWAS Catalog: GCST008599)". In many
instances, multiple cis-eQTLs were detected in the GWAS summary
statistics, allowing them to be used asinstrumental variables. Because
linkage disequilibrium pruning would leave only a small number of
independent variants, we applied an established principal compo-
nentanalysis-based approach that aggregates correlated instrumental
variables into linkage disequilibrium-based principal components
(principal component instrumental variables)" that were evaluated
using the1000 Genomes Project panel™ with PLINK"8v1.90b6.21. We
retained top principal components explaining more than 99% of genetic
variance and used the inverse-variance weighted method to test for
potential causal effects. When only asingle instrumental variable was
available for both the exposure and the outcome, or when principal
component analysis yielded a single component, causal effects were
estimated using the Wald ratio method implemented in TwoSampleMR
(v0.6.2)%, For associations that were significant, we additionally per-
formed linkage disequilibrium pruning and conducted aleave-one-out
sensitivity analysis, sequentially removing each independent variant
and estimating effects of the remainder. We evaluated heterogeneity
of estimates using Cochran’s Q test, and horizontal pleiotropy was
tested. In this analysis we were sensitive to key assumptions of Men-
delian randomization analysis®*""?. The assumption of relevance is
reasonably well satisfied but the assumptions of independence and



exclusion are only partially satisfied. However, in the context of using
Mendelian randomization methods to rank candidate genes in which
negative findings are asinformative as positive findings, this procedure
improvesbidirectional translation between mouse and humanstudies
of mortality and longevity.

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

All primary data used in this study are provided in the supplementary
tables. We also provide all lifespan and body mass data for animals used
inthis study and for an additional 17,858 UM-HET3 mice (total of 24,296
ITPmicebornup to20 October2020) at the URL: https://genenetwork.
org/show_trait?trait_id=10001&dataset=HET3-ITPPublish along with
tools for truncation, mapping and analysis of correlations between
variables such as lifespan and body mass. All figures and supplementary
tables are deposited at https://aging.genenetwork.org/UM-HET3 and
https://files.genenetwork.org/current/umhet3_2025/. All published
data of the ITP is also made openly available at the Mouse Phenome
Database ITP Portal at https://phenome.jax.org/projects/ITP1/.

Code availability

Code used in mapping and analysis and scripts used to generate all
figures and extended data figures are available at https://github.com/
DannyArends/UM-HET3. Supplementary files and original figures in
Adobe Illustrator format are available at https://files.genenetwork.
org/current/umhet3_2025/.
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Extended DataFig.1|Sex-stratified and combined maps of meanlifespans
of survivorships. a,b,c, This extends the content of Fig. 1d to include female
and male survivorship maps across the entire range of survivorships. Other

conventionsasinFig.2d. The LOD threshold is defined by the horizontal
dashed lines for each survivorship. Note that only every third survivorship is
plotted, accounting for some Vitalocithat do not reachsignificance here.



Extended DataFig. 2| Vitalocigenotype effect plots. Trios of effect size
plots with standard error bands as described in detail inthelegend to Figs.1
and 2.Eachtrioforthe29 Vitalociincludes combined data for both sexes (left),

for females only (middle), and for males only (right). To understand the genetic

sources that account for timing changes in mortality rates itis helpful to
compare these more complex genotype plots to pairs of haplotype plotsin
Extended DataFigs.3, 4.
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Extended DataFig. 3| Vitalocihaplotype effect plots. There are two trios of
effect size plots for each Vitalocus with standard error bands. The upper trio

(blue and purple shades) give the difference in actuarial effects of the maternal
haplotypes—Cand B. The lower trio (pink and beige shades) give the difference
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ineffects of the paternal haplotypes—Hand D. These plots are symmetric and
easiertointerpret thanthosein Extended Data Fig.2. However, they generally
have lower LOD scores.
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Extended DataFig. 4 |Mortality rates of maternal and paternal haplotypes
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haplotypes (Hand D onthe bottom of each panel). Here we have used a LOESS
smoother witharelatively shortaspan 0.2. Atany one age only the haplotype
with the higher rate of mortality is shown, accounting for abrupt reversals.
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Extended DataFig. 5| Direct comparisons of allmethods of display of
survivorship effect sizes of genotypes, haplotypes, and mortality rates
of a Vita14binfemales (left) and males (right). a,b, The actuarial genotype
effect plotswith standard error bands of Vital4b (see Fig.2b) for both sexes.
c,d, Corresponding haplotype-specific plots. g,h, Age-dependent relative
mortality rate differences using a LOESS smoother with aspanover the entire
range of ages (a of 1) that averages mortality difference at a high level. While

effectsare similar between sexes, only the much stronger male effectinb
reaches significance—the sum of the two reinforcing haplotype effects.
ij.Ananalysis of age-dependent differencesin mortality ratesusing a LOESS
withanaspanof 0.2 thatexposes much finer details of both age-dependent
and haplotype-dependent differences in mortality. Extended Data Fig. 4 uses
only this finer-grained smoother.
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Extended DataFig. 6 | Dynamics and variance of 29 Vitalocias afunction of
sex and survivorship. a,b, Variance contributions of Vitalociwere estimated
foreach survivorship and sex: malesin aand females in b with intensity of
colorsindicating the approximate fraction of variance explained, where
white=0-1%, faint=1-2%, light =2-4%, medium 4-8%, strong 8-16%, dark 16-32%.
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nominally ineffective supplementary drug treatments versus the standard
chow diet. Cohortisvariance attributable to the nine annual cycles of
production of UM-HET3 mice from late spring through late fallbetween 2004
and 2013 (2008 was a hiatus year). Site is variance associated with the three ITP
sites: TheJackson Laboratory, The University of Michigan, and University of
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* JL = The Jackson Laboratory. UM = University of Michigan.
UT = University of Texas Health Science Center at San Antonio

Extended DataFig.7|Body Masslociatfive ages. a, Female maps. b, Male
maps. ¢, Combined mapsinwhichallsignificant Masslocihave been labeled.
Note that three of the 28 Masslociare more distinct in the female map (Masséa,
Mass6b, and Mass1l1a) thanin combined or male maps. Mass11b is more distinct
inthe male map. At all ages the mapping model compensates for drug treatment,

cohortyear, andsite, and in the case of the combined sexes also adjusts for sex.
Compare (c) with Fig. 5a, but note that color assignments are different here.

d, Table of sample sizes for each sex and for the sites. Animals at 42 days were
only weighed for the first four cohorts, accounting for the lower sample size.
Thelower samplesize at 730 daysis duein part to mortality.
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Extended DataFig. 8| Soma actuarial effect size plots. a, An overlay of all
30 Somalociand their full actuarial effect size plots at five ages at whichbody
weights were measured asin Fig. 4i,j. This PDF should be openedin Adobe
Illustrator or Inkscape to preserve the separation of the 30 layers (file also
available at files.genenetwork.org/current/umhet3_2025/). With control of
layers users can examine one or more of the 30 Soma loci, in the same way asin

Fig.4i-l1butatallfive ages at which animals were weighed. Somalais displayed
inpanelaandinthe matched layer (upper left). Somal9bis displayed in panel
ad and the matched layer. Actuarial correlation values are givenin 15-day steps
fromthe five ages at which mice were weighed. All technical details are provide
inFig.4i-1.
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Extended DataFig. 9| Epistaticinteraction plots fortheT,,,
Ts6sr Traoand Ty survivorships. a,g, Overview of all epistatic
interactionsinsurvivorship using the same conventions.
Chromosomesarelabeled with abbreviated Vitaand Somasymbols.
Colorandtype oflines define partnership types (orange lines

are Vita-Soma pairs).1i,j, An overlay of all four survivorships that
mainly highlights the greater cumulative numbers of male than
female interactions. This pair of circle plotsis aset of overlapping
layers useful to directly compare different survivorships and the
Adobelllustrator formatis available upon request. Number of
epistaticlinks for both males and females is givenin the lower right
corner of each female plot. Few epistaticinteractions overlapin
bothsexes. All values are givenin Supplementary Table12.
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Reproducibility
Randomization

Blinding

Did the study involve field work? |:| Yes |:| No

Field work, collection and transport

Field conditions

Location
Access & import/export

Disturbance

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods

n/a | Involved in the study n/a | Involved in the study

|X| |:| Antibodies K| |:| ChlIP-seq

|X| |:| Eukaryotic cell lines K| |:| Flow cytometry

|X_| |:| Palaeontology and archaeology K| |:| MRI-based neuroimaging
|:| m Animals and other organisms

|X |:| Clinical data

|Z| |:| Dual use research of concern

m |:| Plants

Antibodies
Antibodies used NA

Validation




Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s)
Authentication

Mycoplasma contamination

Commonly misidentified lines
(See ICLAC register)

Palaeontology and Archaeology

Specimen provenance

Specimen deposition

Dating methods

|:| Tick this box to confirm that the raw and calibrated dates are available in the paper or in Supplementary Information.

Ethics oversight

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals Mus musculus domesticus
Wild animals
Reporting on sex Males and females in roughly equal numbers

Field-collected samples

Ethics oversight DNA samples provided by the three ITP sites in accordance with standards of the Association for the

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Clinical data

Policy information about clinical studies
All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration
Study protocol
Data collection

Outcomes

Dual use research of concern

Policy information about dual use research of concern

Hazards

Could the accidental, deliberate or reckless misuse of agents or technologies generated in the work, or the application of information presented
in the manuscript, pose a threat to:
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Yes

[] Public health

|:| National security

|:| Crops and/or livestock
|:| Ecosystems

KIKIXX XN &

|:| Any other significant area

Experiments of concern

Does the work involve any of these experiments of concern:

Yes

|:| Demonstrate how to render a vaccine ineffective

|:| Confer resistance to therapeutically useful antibiotics or antiviral agents
|:| Enhance the virulence of a pathogen or render a nonpathogen virulent
|:| Increase transmissibility of a pathogen

|:| Alter the host range of a pathogen

|:| Enable evasion of diagnostic/detection modalities

|:| Enable the weaponization of a biological agent or toxin

|:| Any other potentially harmful combination of experiments and agents

XIRIXIK XK X% &

Plants

Seed stocks

Novel plant genotypes

Authentication

ChlP-seq

Data deposition
|:| Confirm that both raw and final processed data have been deposited in a public database such as GEO.

|:| Confirm that you have deposited or provided access to graph files (e.g. BED files) for the called peaks.

Data access links
May remain private before publication.

Files in database submission

Genome browser session
(e.g. UCSC)

Methodology
Replicates
Sequencing depth

Antibodies

Peak calling parameters

Data quality
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Software

Flow Cytometry

Plots
Confirm that:
|:| The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

|:| The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).
|:| All plots are contour plots with outliers or pseudocolor plots.

|:| A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

o)
Q
=:
C
o
i}
o
=S
g
5
@
i}
©)
=
2
«Q
(%)
C
3
3
Q
=
~

Sample preparation
Instrument

Software

Cell population abundance
Gating strategy

|:| Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.

Magnetic resonance imaging

Experimental design

Design type
Design specifications

Behavioral performance measures

Imaging type(s)
Field strength
Sequence & imaging parameters

Area of acquisition

Diffusion MRI [ ] Used [ ] Not used

Preprocessing

Preprocessing software
Normalization
Normalization template
Noise and artifact removal

Volume censoring

Statistical modeling & inference

Model type and settings

Effect(s) tested




Specify type of analysis: [ | whole brain || ROI-based [ ] Both
Statistic type for inference

(See Eklund et al. 2016)

Correction

Models & analysis

n/a | Involved in the study
|:| |:| Functional and/or effective connectivity

|:| |:| Graph analysis

|:| |:| Multivariate modeling or predictive analysis

o)
Q
=:
C
®
i}
o
=S
g
S
®
°
©)
=
2
«Q
(%2]
C
3
3
Q
=
~

Functional and/or effective connectivity
Graph analysis

Multivariate modeling and predictive analysis

appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate if changes were made. The images or other third party material in this article are included in
the article's Creative Commons license, unless indicated otherwise in a credit line to the material. If material is not included in the article's Creative Commons license and your intended use is not permitted by

This checklist template is licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give @ @
statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0,
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