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Summary

Human centenarians and longevity mutants of model organisms show lower incidence rates of
late-life morbidities than the average population. However, whether longevity is caused by a
compression of the portion of life spent in a state of morbidity, i.e., “sickspan,” is highly debated
even in isogenic C. elegans. Here, we developed a microfluidic device that employs
acoustophoretic force fields to quantify the maximum muscle strength and dynamic power in
aging C. elegans. Together with different biomarkers for healthspan, we found a stochastic
onset of morbidity, starting with a decline in dynamic muscle power and structural integrity,
culminating in frailty. Surprisingly, we did not observe a compression of sickspan in longevity
mutants but instead observed a temporal scaling of healthspan. Given the conservation of these
longevity interventions, this raises the question of whether the healthspan of mammalian

longevity interventions is also temporally scaled.
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Introduction

The continuously growing elderly population is projected to result in 1.5 billion people above
the age of 65 globally by 2050 (Nations, 2019). This poses a significant challenge since old age
is the major risk factor for developing cancer, dementia, cardiovascular, and metabolic diseases
(Partridge et al., 2018), especially since people suffer for approximately 20% of their lifespan
from one or multiple of these chronic illnesses, which are themselves accompanied by other
late-life disabilities (Partridge et al., 2018). Current estimates indicate that delaying the onset
of these chronic diseases by one year would save $38 trillion in the US alone (Scott et al., 2021).
Therefore, major research efforts are dedicated to understanding how to increase the time spent
in good health (i.e., healthspan) and to postpone and compress the time spent suffering from
age-related pathologies and chronic diseases (i.e., sickspan) (Kaeberlein, 2017; Kennedy et al.,
2014; Olshansky, 2018; Partridge et al., 2018).

People that are more than one hundred years old, so-called centenarians, display a
delayed onset and a lower incidence rate of late-life morbidities compared to people in the age
bracket of 80 to 89 years (Ailshire et al., 2015; Andersen et al., 2012; Evans et al., 2014; Evert
et al., 2003; Ismail et al., 2016; Kheirbek et al., 2017). Genome-wide association studies have
shown associations between the exceptional longevity of centenarians and aging-related genes
identified in model organisms (Kenyon, 2010; Lépez-Otin et al., 2013; Partridge et al., 2018).
Mutations in genes that promote longevity in model organisms, such as C. elegans, have been
instrumental in identifying mechanisms that promote healthy aging (Kenyon, 2010; Lépez-Otin
et al., 2013; Magalhaes et al., 2017; Partridge et al., 2018).

A recent study has questioned this approach of using C. elegans longevity mutants to
gain insights for promoting healthy aging or mechanisms that prolong healthspan (Bansal et al.,
2015). Using four matrices (resilience to heat and oxidative stress, voluntary movement, and
swimming performance) to assess the “health” status of aging C. elegans, they found that four

commonly used longevity mutants outperformed wild type at any given timepoint at older ages,
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consistent with previous reports. However, compared to their maximum lifespan, longevity
mutants displayed an increased sickspan-to-healthspan ratio compared to wild type (Bansal et
al., 2015). Other studies have not observed an increase of sickspan in long-lived C. elegans
mutants, except in the case of lower mobility or movement scores for the insulin/IGF-1 receptor
longevity daf-2(el1370) mutants (Hahm et al., 2015; Huang et al., 2004; Podshivalova and Kerr,
2017; Stamper et al., 2018). Part of the “prolonged sickspan” based on the motility of these daf-
2(el370) mutants was attributed to lack of behavioral exploration linked to odr-10 gene
expression (Hahm et al., 2015) and improper dauer-like quiescence behavior (Ewald et al.,
2015, 2018; Gems et al., 1998; Hess et al., 2019; Podshivalova and Kerr, 2017). Although all
these studies showed that sickspan is not increased in longevity mutants, the question remained
about how healthspan changes when the lifespan is extended. We hypothesized that using other
health matrices independent of voluntary or behavioral influences, such as physical properties
of muscular strength, which is one of the best predictors for all-cause mortality in humans
(Leong et al., 2015), we might be able to quantify the health trajectory of C. elegans longevity
mutants.

Here we confirm that voluntary movement during aging declines, and this fragility is
not extended in longevity mutants, except mildly in daf-2 mutants, using high-resolution
lifespan and movement measurements on plates. We developed a novel microfluidic device and
applied acoustophoretic force fields to quantify the maximum force and power of C. elegans.
Using a high-frequency and high-power acoustic force field, it becomes possible to set up a
contactless, constant in time, and uniform force field acting along the whole C. elegans body.
Therefore, this force field challenges swimming C. elegans in a similar way body-weight
exercises do for humans in a gravity field. Furthermore, applying the acoustic field stimulated
a swimming response of resting C. elegans. All longevity mutants showed delayed onset of the
decline in maximum force and dynamic power during aging. We observed heterogeneity

between individuals across all genotypes in the onset of age-related phenotypes, several
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82  correlated phenotypes, and a time-dependent occurrence of multiple disabilities. However, we
83  did not find a compression of sickspan, but rather a temporal scaling of healthspan relative to

84  their maximal lifespan across genotypes.


https://doi.org/10.1101/2021.05.31.446397
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.05.31.446397; this version posted November 11, 2021. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

85 Results
86  Voluntary movement healthspan is proportionally increased by longevity interventions
87  To obtain highly quantitative data on lifespan and healthspan, we used a lifespan machine
88  (Stroustrup et al., 2013). Here, we defined the “voluntary movement healthspan™ as the time
89  spent fast crawling and the “voluntary movement sickspan” as the time spent slow crawling or
90 displaying minimal posture changes (see Materials and Methods for detailed definition). We
91 chose eat-2(adl116) as a genetic model for dietary restriction-like mediated longevity, glp-
92  I(e2141) as a genetic model for germ-stem-cell-less-mediated longevity, daf-2(e1368) and daf-
93  2(el370) as genetic models for reduced insulin/IGF-1 signaling mediated longevity. We
94  cultured all animals at the same temperature (15°C) and in the same environment with the same
95 food source, except glp-1 that underwent a brief temperature upshift during development as in
96  preparation for the lifespan assay. To avoid dauer-specific traits that occur in reduced
97  insulin/IGF-1 signaling mutants (Ewald et al., 2018) and to avoid pathogenicity from a bacterial
98 food source (Podshivalova and Kerr, 2017), lifespans were run at 15°C on heat-killed bacteria.
99  Thus, the experimental setup was designed to offer optimal conditions and was kept identical
100  while C. elegans genotypes were varied.
101 As expected, we measured a significant increase in lifespan for these long-lived mutants
102  compared to wild type (Figure 1A; Supplementary Table 1, Supplementary Video 1). Under
103  our experimental settings (heat-killed bacteria), the eat-2 longevity was shorter as previously
104  reported on live bacteria but in line with previous findings that had demonstrated that eat-2
105 predominantly extends lifespan by lowering the proportion of deaths caused by invasion of the
106  pharynx from live bacteria (Zhao et al., 2019). Interestingly, our data showed that the longer-
107  lived the mutant was, the more prolonged was the voluntary movement healthspan (Figure 1B).
108 Therefore, interventions that increase lifespan also increase the time spent moving fast and
109 actively.

110
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111  Relative increase for both health- and sickspan in long-lived mutants

112 To better understand the rescaling of the time spent in frailty in these long-lived mutants, we
113  analyzed the fraction of slow-moving animals per day. We observed gaussian activity
114  distributions, which were shifted along the time axis for these longevity mutants (Figure 1C).
115  This delayed onset of the sickspan (Figure 1C) is consistent with the prolonged healthspan of
116  these long-lived mutants (Figure 1B). However, except for eat-2 mutants, the width and the
117  area of the Gaussian distributions were bigger for long-lived mutants than wild type (Figure
118 1C), suggesting an overall increase of sickspan. Thus, based on voluntary movement tracking,
119  long-lived mutants display increased absolute health- and absolute sickspan compared to wild
120  type. Next, we asked whether the fraction spent in health- and sickspan during the lifespan is
121  altered. Wild-type animals spent 78% of their lifespan fast-moving and 22% slow-moving
122 (Figure 1D). For long-lived mutants, we recorded about 70-79% of their lifespan are spent fast-
123 moving (Figure 1D, Supplementary Figure 1), suggesting no compression of sickspan but rather
124  aproportional scaling of both health- and sickspan relative to their lifespan.

125

126  Heterogeneity in the length of sickspan but a fixed onset of sickspan

127  Since we did not observe a compression of voluntary movement sickspan of the entire
128  population, we wondered whether individual animals that outlived their siblings would display
129  a compressed sickspan. When we compared the sickspan traces of individual C. elegans for
130  each genotype, we were surprised to measure such a vast heterogeneity (Figure 1D), given that
131  all these individual animals of a population are genetically identical, consume the same food,
132 and are housed in the same environment. Only the glp-/-mediated longevity showed an overall
133  compression of individual sickspan traces (Figure 1D). For comparison among these different
134 genotypes, we decided to use “relative age” by dividing lifespan curves into quartiles and
135  computing the health-to-sickspan ratio for each quartile (Figure 1D insets; Supplementary

136  Figure 2). Consistent with previous reports on wild type (Zhang et al., 2016), we found that in
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137  the first quantile of the lifespan curve, individual animals spent about 90% of their lifetime fast-
138 moving and 10% slow-moving, indicating that these animals die young with a compressed
139  sickspan compared to the last quartile wherein animals spent about 75% of their lifetime fast-
140 moving and 25% slow-moving (Figure 1D insets; Supplementary Figure 1). Remarkably, it
141  looks like the onset of an individual’s sickspan is a fixed event starting approximately when the
142 first 10% of the isogenic population starts to die (Figure 1D). This observation suggests that up
143  to a certain time point, the animal’s physiological integrity is maintained. After this time point,
144  there appears to be a stochastic decay resulting in a heterogenous sickspan distribution. Viewing
145  the data using this alternative interpretation of a fixed onset of sickspan would explain why
146  animals in the first quartile of the lifespan curve die young and spend less time in poor health,
147  while animals in the last quartile of the lifespan curve die old and spend more time in poor
148  health. Thus, the time spent fast- vs. slow-moving seems to have a fixed onset in time.

149

150 Voluntary movement healthspan temporally scales with lifespan except in daf-2 mutants
151  The model of a fixed onset-timepoint for frailty would suggest that longevity interventions
152 would simply delay the onset. To address this, we contrasted the number of days spent fast-
153  moving (healthspan) for each individual as a function of their time lived (lifespan in days;
154  Figure 1E). We found that the time lived correlated and predicted the time spent fast-moving
155  with an R squared of 0.7 for wild type and R squared ranging from 0.5 to 0.8 for the longevity
156  mutants (Figure 1E). Furthermore, the glp-1 with an R squared of 0.8 and daf-2(e1368) with an
157 R squared of 0.5 indicate lower or higher heterogeneity, respectively, compared to wild type
158  (Figure 1E). This is also apparent in the increased or decreased spread of data points below the
159  regression line in Figure 1E and by increased or decreased lengths of the individual sickspan
160 traces in Figure 1D, respectively. One interesting aspect to note is that individuals in quartiles
161 2 and 3, which expire in the middle of the lifespan curves, displayed shortened healthspan

162  relative to their lifespan, whereas individuals in the last quartile showed an extended healthspan
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163  relative to their lifespan (Figure 1E). This might be because sicker individuals simply died
164  earlier, leading to an enrichment of healthier-aging individuals in the last quartile
165  (Supplementary Figures 1, 2). Based on the high R squared values for all genotypes, we applied
166  alinear model to investigate the relationship between health- and lifespan (Figure 1E). Steeper
167  linear regression lines compared to wild type would indicate an increase in health- to lifespan
168 ratio. The slopes of the linear model were steeper for eat-2 and glp-1, but less steep for the two
169  daf-2 mutants compared to wild type (Figure 1E), suggesting that glp-1 and eat-2 spent a larger
170  fraction and daf-2 mutants spent a smaller fraction of their lifespan actively moving. Since
171  slopes of linear models can be sensitive to extreme values, we compared the population means
172 of health- and lifespan across all genotypes (Figure 1F). When we extrapolated the mean
173 healthspan to mean lifespan ratio of wild type, we found that eat-2 and glp-1 were close to this
174  extrapolated line, whereas the daf-2 mutants lacked approximately three days (i.e., 7%) of mean
175  healthspan in respect to their mean relative lifespan (Figure 1F). To demonstrate that all these
176  measurements are true under other experimental settings, we chose temperature-sensitive sterile
177  mutant spe-9(hc88) to compare to glp-1(e2141) that were raised at 25°C until day two of
178  adulthood to avoid progeny and then kept for the remainder of their lifespan at 20°C and
179  quantified comparable results (Supplementary Figure 3). Thus, we uncovered that the
180 prolonged voluntary movement healthspan temporally scales with the prolonged lifespan for
181  each of these longevity mutants except less stringently for daf-2 mutants.

182

183  Acoustophoretic characterization of C. elegans force and muscle power

184  Thus far, our observations and interpretations on healthspan are based on the decline of
185  voluntary movement on culturing plates in the abundance of food. Certain genotypes like daf-
186  2(el370) are less motivated to forage and display a more rapid decline in voluntary foraging
187  behavior compared to wild type leading to the interpretation of being less healthy (Hahm et al.,

188  2015). In our setting, this lower foraging behavior is less pronounced in daf-2(el1370) since they
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189  were cultured at 15°C, an environment that avoids improper dauer program activation (Ewald
190 etal.,2018). To overcome this, led us to develop an inducible, motivation-independent exercise
191  platform for C. elegans. Our goal is to address the following shortcomings of current methods:
192  the movement should be inducible with a strong stimulus and not dependent on secondary cues
193  like food or intrinsic motivation, it should be measurable in a short time window to assess health
194  in this instant, and it should directly measure a physiologically relevant parameter like
195 maximum muscle force or functional tissue integrity. This is especially important when
196  comparing different genotypes, which often respond differently to their environment.

197

198 In humans, one of the best predictors for all-cause mortality is the decline in muscle maximum
199 force and power (Kostka, 2005; Leong et al., 2015; Petrella et al., 2005). However, a tool or
200 device to quantify the maximum force and power of C. elegans muscles did not exist. The
201  application potential would be immense since C. elegans muscle structures are strongly
202  conserved, as in mammals, and forced maximum strength measurements to the point of collapse
203  would be unethical in mammalian models. We developed a microfluidic device harnessing the
204  power of acoustic standing waves (Figure 2A, 2B, Supplementary Video 2, for details, see Cell
205  Reports Methods). We have recently applied ultrasonic waves to compress, move and
206  quantitatively characterize larval C. elegans (Baasch et al., 2018). We reasoned that we could
207  employ ultrasonic standing waves to trap and stretch out C. elegans in the minima of the
208  acoustic force fields (Figure 2C, 2D). C. elegans dislike being trapped and try to escape by
209  applying mechanical forces (body bending) against the acoustic force field (Figure 2C, 2D).
210  The further away from the acoustic force field minimum, the harder it gets to move against the
211  force field (Figure 2D). Suppose the animal is stronger than the applied acoustic force field. In
212 that case, it can turn around in the microfluidic chamber (Figure 2C), typical escaping behavior

213 of C. elegans known as omega reversals (Donnelly et al., 2013). Thus, the degree of deflection

10
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214 of the C. elegans body away from the acoustic force field minimum provides an estimate of the
215  maximal muscle strength the animal can master to try to escape the acoustic trap.

216

217  Muscular strength declines in aging C. elegans

218  To quantify muscular forces, we developed a model by dividing the C. elegans body plan into
219 13 rigid links connected by joints along the animal’s midline (Figure 2E). Upon applying
220 acoustic force fields, we measured the deflection of these 13 nodes for 30 seconds and the
221  number of times the animal escaped the force fields (Figure 2F). A typical exercise round is
222 structured in up to ten cycles consisting of 30 seconds of ultrasonic force and a 5-second break
223 (Figure 2G). We measured the muscular forces of aging wild-type C. elegans (Figure 2G). After
224 3-5 cycles, we observed muscle fatigue, which set in earlier the older the animals were (Figure
225 2G). We observed first an increase and then a decrease in the heterogeneity of individual C.
226  elegans muscular strengths (Figure 2G). Similarly, we first saw an increase and then a
227  progressive decline in muscle power during aging (Figure 2G). By contrast, we found that
228 longevity mutants performed better in terms of muscle strength and function at day 20 of
229  adulthood (Figure 2H). This indicates the preservation of muscle power in aging longevity
230  mutants.

231

232 Longevity mutants showed prolonged healthspan assessed by the strength performance
233  in longitudinal comparison to wild type

234  The overall force and power of a C. elegans depend on its muscle strength as well as its total
235  body size. In agreement with previous reports (Hulme et al., 2010; Shi and Murphy, 2014), we
236  observed adult C. elegans kept growing in body size beyond the reproductive period and then
237  shrunk during aging (Figure 3A, 3B). A prolonged growing phase correlates with longevity
238  (Hulme et al., 2010). We found that longevity mutants prolonged their growing phase and

239  shrunk less than wild-type animals during aging (Figure 3A, 3B). Structural integrity declines

11
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240  during C. elegans aging, such as internal organ atrophy (Ezcurra et al., 2018), loss of internal
241  pressure (Gilpin et al., 2015), and disorganization of the exoskeleton cuticle (Essmann et al.,
242 2020). We noticed that in the acoustic force field, C. elegans undergoes compression, and this
243 compressibility stays fairly constant during aging (Figure 3C, 3D). We conclude that although
244  morphological changes occur during aging, the mechanical properties regarding compression
245  are less affected by age. This points towards muscular strength playing a pivotal role. On
246  average, young C. elegans can overcome the acoustic force field leading to an omega turn eight
247  times each cycle (Figure 3E, Supplementary Video 3). The ability to overcome the force field
248 and turn in the microfluidic chip progressively declines during aging but is preserved in
249  longevity mutants (Figure 3E, Supplementary Figure 4). Turning in the chip can be viewed as
250 a measure of high-intensity muscular capacity since the animal can completely overcome the
251  force field. It also showcases that the animal is not placid but trying to escape. Next, we assessed
252 the overall energy per individual C. elegans as an assessment of overall body volume deflected
253  against the force field. We found an increase of energy per individual until mid-age and then a
254  decline (Figure 3F) reminiscent of the longitudinal body size curve (Figure 3G). In our
255 measurements to determine the overall force and power of C. elegans, the body size is a
256  confounding factor. In all our longitudinal measurements, we had included a positive control
257  in the form of a muscle-defective mutant (CB190) that carries a mutation in the muscle myosin
258 class II heavy chain (unc-54). These muscle-constriction-defective mutants were unable to
259  perform omega turns in the chip but showed similar compressibility and longitudinal growth
260 curves, illustrating that the rise and fall of the overall energy are confounded by the organismal
261  growth curve. Therefore, we decided to use the dynamic power as defined as energy
262  expenditure relative to the previous time point and normalized it by the volume of each animal
263  (i.e., volume; Figure 3H). Using a human analogy, total refers to how long a weight can be
264  lifted, dynamic power only considers the process of lifting the weight without holding the

265  weight, and dynamic power takes the weight of the person lifting the weight into account. In

12
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266  this way, we found that the overall force and power of longevity mutants were preserved for
267  almost three-quarters (55-83%) compared to about one-third (30%) of their lifespan in wild
268  type (Figure 31). Thus, muscular strength is maintained longer in longevity mutants.

269

270  Temporal scaling of age-related pathologies in longevity mutants

271  Next, we asked whether other age-related pathologies or morphological changes show any
272  delayed onset in longevity mutants compared to wild type. We quantified 592 animals,
273  investigated timepoints between day 0 and day 33 (12 animals on average per strain and time
274  point) at the first two cycles of actuation (1183-time sequences), which comprised over 800’000
275  frames in total. We then manually quantified additional morphological changes such as intestine
276  length and diameter, pixel intensity, wrinkles in the cuticle, and pharynx diameter in a
277  subsampled representative subset (approx. 50’000 frames; Supplementary Figure 5). Although
278 not all, many age-related phenotypes were delayed in their onset and displayed a slowed decline
279 in longevity mutants compared to wild type (Figure 4A, 4B, Supplementary Figure 6).
280 Rescaling phenotypic trajectories of wild type by the lifespan extension observed in the long-
281  lived strains revealed that many closely match the trajectories observed in long-lived strains for
282  both daf-2 mutants (Figure 4C). Notably, for animals’ length, diameter, volume, and intestine
283  length, phenotypic scaling was observed when comparing wild type to daf-2(el368) and daf-
284  2(el370). In the case of eat-2, the observed lifespan extension was too limited to draw
285  conclusions, and glp-1 never ceased growing. The severely paralyzed myosin mutant unc-
286  54(el190) displayed the opposite phenotypic trajectories than all other genotypes (Figure 4C).
287  When approximating the phenotypic trajectories as segmented linear fit reflecting the separated
288  phases of growth and decline, we observed that the starting values as young adults are often
289  similar (Figure 4C). However, the slopes and point of decline are shifted compared to wild type.
290 Investigating each phenotype in isolation is hindered by the inherent noise in the measurement

291  as well as by the incomplete picture each phenotype provides. Furthermore, many phenotypes
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292  like length, diameter, and volume were strongly correlated. For this reason, we subjected all
293  phenotypes to Principle Component Analysis (PCA) to study the overall age trajectory
294  (Supplementary Figure 7A). We traced these phenotypes of all genotypes across the PCA plot
295  as they age (Supplementary Figure 7B). All physiological parameters increased from young to
296 middle-aged and then reverted again as the animal reached old age. However, muscle strength
297  density decreased steadily. Using the paralyzed mutant, we were able to establish the bottom
298  left quadrant as a reduced health area. This was only possible when using both physiological
299  and performance measurements and was entered only by the paralyzed strain as well as old
300 wild-type animals. The multi-phenotype traces are also shown for each genotype individually
301  (Supplementary Figure 7C, 7D). Taken together, this suggested that many of these phenotypes
302 change similarly during aging, that many are temporally scaled in longevity interventions, and
303  that maximum muscle strength offers an orthogonal perspective on studying aging compared
304 to physiological features. This highlights the importance of performing high-intensity muscle
305 strength measurements when studying physiological aging and quantifying healthspan.

306

307 Longevity mutants show prolonged absolute but not relative healthspan

308  Our data revealed that longevity mutants stay healthier compared to wild type and experience
309 a slower decline in physiological integrity. Indeed, dividing the lifespan of each genotype into
310 three chronological fixed age categories: young (less than 7 days), middle (older than 8 but
311  younger than 19 days), and old age (>20 days of adulthood), showed a progressing decline of
312 volume-corrected work performed (Figure SA, 5B). Longevity mutants performed better in the
313  middle age group than wild type, but only daf-2(el368) outperformed wild type in the old age
314  group (Figure 5A, 5B). Using hierarchical clustering of temporally scaled phenotypes as a
315 complementary analysis, we found that longevity mutants often cluster with chronologically
316  younger wild-type samples (Supplementary Figure 8).

317
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318 Integration of voluntary movement and forced maximum muscle strength quantification
319 toyield a comprehensive understanding of C. elegans healthspan

320 Having two independent assessments of healthspan that act on very different stringency levels,
321 we can further divide C. elegans healthspan into 3 divisions: prime health (passes both
322  matrices), fragile health (passes 1 metric), and sickspan (failing both matrices) (Figure 5C).
323  Consistent with previous observations in other species, the maximum power drops prior to the
324  cessation of general mobility (Kostka, 2005; Leong et al., 2015; Petrella et al., 2005). Muscle
325  performance is much more improved in longevity mutants in relation to wild type compared to
326  the voluntary movement (Figure 5C). Integrating both matrices revealed that wild type spent
327  around 16% of their lifespan in prime health, whereas longevity mutants spent double the time
328  in prime health (28-42%; Figure 5C). From all four longevity genotypes, daf-2(el368) appears
329  to be the healthiest strain (Figure 5C). Thus, combining multiple matrices of physiological and
330 Dbehavioral integrity is a powerful assessment of healthspan.

331

332
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333  Discussion

334  Understanding the relationship between healthspan and lifespan is an important question in
335 aging research since geroscience aims to increase the time spent in good health and to postpone
336  and compress the time suffering from age-related pathologies and chronic diseases (Kaeberlein,
337  2017; Kennedy et al., 2014; Olshansky and Carnes, 2019; Partridge et al., 2018). Model
338  organisms like C. elegans are used to identify longevity-promoting interventions that can then
339  be of translational value for humans (Kenyon, 2010; Magalhaes et al., 2017). There is a fierce
340 debate whether C. elegans longevity interventions show compression of sickspan and are of
341  translational value for improving healthspan or healthy aging in humans (Bansal et al., 2015;
342  Hahm et al., 2015; Huang et al., 2004; Podshivalova and Kerr, 2017; Stamper et al., 2018). In
343  this study, we set out to develop a robust method to quantify maximum muscle strength as a
344  highly interpretable healthspan metric with translational value. Lifespan measurements are
345  well-established and allowed the study of hundreds of lifespan-extending compounds and
346  genetic alterations, leading to ground-breaking discoveries. However, this development is not
347  reflected in the area of healthspan extension. Numerous methods exist which often measure
348  proxy phenotypes for healthspan that are also motivation dependent like pharyngeal pumping,
349 thrashing, and others. With our approach, we were able to directly quantify muscle health in C.
350 elegans. This is especially relevant since C. elegans is an ideal model system for large-scale
351  genetic screening, and both the microfluidic device as well as the image detection can be
352  multiplexed. This approach could translate to the much-needed identification of (muscle)
353  health-promoting interventions.

354

355  The microfluidic device operates using acoustophoresis to generate an acoustic force field to
356  quantify the physical fitness and muscle strength of aging C. elegans. Using different ways to
357 assess healthspan in forms of voluntary movements, muscular force, muscular fatigue,

358  structural integrity/compressibility, and quantifying several age-related morphological
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359  changes, including cuticle/skin wrinkles, body, and internal organ sizes, we find that most of
360 these phenotypic changes are postponed in longevity mutants. We observed a hierarchical and
361 time-dependent succession in the occurrence of these phenotypes, starting with a decline in
362 maximal force as indicated by overcoming acoustic field (omega turns), a decline in dynamic
363 power, seizing of body and organ growth (intestine), and then decline in voluntary movement
364  and becoming inactive and lethargic. Using principle component analysis, we show that many
365  of these phenotypes are strongly cross-correlated. The delay of all these age-related phenotypic
366 changes is evident when using chronological age as a reference point for comparison of
367 longevity mutants with wild type but disappears when using relative age as a reference. This
368  points to the idea of temporal scaling of the healthspan. Consistent with this idea, we find that
369  sickspan is neither compressed nor prolonged in longevity mutants compared to wild type.
370  Thus, our quantifications suggest that C. elegans healthspan undergoes temporal scaling in
371  longevity.

372 Aging is defined as a set of phenotypes or senescent pathologies occurring with a higher
373  proportion in older individuals (Freund, 2019). Which senescent pathologies limit the lifespan
374  depends on the context and are different for different species, genotypes, and environments
375  (Freund, 2019; Gems, 2015). Whether our chosen set of phenotypes assessed are directly
376  limiting or affecting lifespan is unclear. However, it is evident that not one single mechanism
377  underlies all our measured age-related phenotypes. On the other extreme, we do not observe a
378  “one mechanism causing one age-related pathology” mechanism. Our data shows that some
379  phenotypes correlate and also follow a hierarchal time-dependent order of occurrence,
380 indicating that these senescent pathologies are interconnected. This favors a mixed model of
381 several causal mechanisms affecting multiply connected and independent senescent
382  pathologies/phenotypes, including lifespan limiting phenotypes (Freund, 2019; Gems, 2015).
383  Even if we might not measure lifespan limiting phenotypes directly, the interconnectedness of

384  phenotypes should reveal the same picture of temporal scaling of age-related pathologies.
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385 The lifespan of C. elegans can be increased by up to ten-fold (Ayyadevara et al., 2008)
386 and decreased by 40-fold, but surprisingly the lifespan curves often follow the same rescaled
387  distribution (Stroustrup et al., 2016). Temporal scaling was also noted when comparing
388  expression profiles of longevity mutants compared to wild-type C. elegans (Tarkhov et al.,
389  2019). Temporal scaling might also be the underlying reason why “aging clocks” based on
390 transcriptional profiling work and longevity mutants’ biological age determined by the clock is
391  younger than their chronological age (Meyer and Schumacher, 2021). Furthermore, temporal
392  scaling was also observed for bacterial aging (Yang et al., 2019), suggesting that temporal
393  scaling is an ancient underlying process conserved through evolution. Whether temporal scaling
394  also occurs in mammalian longevity needs to be determined in the future. However, study
395  designs for primary outcome measures for clinical trials on aging are based on the underlying
396  assumption of temporal scaling. For instance, the Metformin in Longevity Study (MILES;
397 NCT02432287) used RNA-sequencing of muscle and fat tissue to determine a rejuvenation to
398 ayounger expression profile as a primary outcome measure. Interestingly, certain longitudinal
399 C. elegans phenotypes are comparable to human age-related phenotypes. Analogous to the C.
400 elegans volume increase to peak mid-age and then decrease is that human BMI and waist
401  circumference also follows this early-to-mid-life increase reaching a peak around 65-70 years
402  and then declining (Kuo et al., 2020). Furthermore, grip strength progressively declines after
403  the age of 30-40 years (Kuo et al., 2020), similar to C. elegans muscular strength. This raises
404  the question of whether non-compression of sickspan observed in C. elegans means or
405 interpolates to non-compression of sickspan in humans? Since aging is universal, it is tempting
406 to speculate that the underlying mechanisms of aging or age-dependent phenotypes are also
407  universal. This might be a potentially erroneous or unproven extension of the observation that
408  almost all living things age (Freund, 2019). Although phenotypic changes, such as the loss of

409  C. elegans muscle force, is analogous to loss of grip strength or muscle strength loss in humans,
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410 the underlying biological mechanisms resulting in physical weakness might be different. Our
411  study makes no conclusion or interpolation about the compression of the sickspan in humans.

412 There is an accumulating body of evidence that long-lived humans are healthy during
413  old age. For instance, 56-83% and 15-23% of centenarians, people over the age of hundred
414  years, delay the onset of chronic age-dependent diseases and physical disabilities or were even
415 free of such co-morbidities and frailties, respectively (Ailshire et al., 2015; Evert et al., 2003).
416  Centenarians have lower incidence rates of chronic illnesses compared to their 90- or 80-year
417  old matched-controls (Andersen et al., 2012; Evans et al., 2014; Ismail et al., 2016; Kheirbek
418  etal., 2017). This also extends to family members related to centenarians compared to families
419  without centenarians (Ash et al., 2015; Sebastiani et al., 2013). Thus, centenarians have a later
420 onset and a lower rate of incidence compared to people in their eighties, similar to our
421  observation when comparing longevity mutants to wild-type C. elegans. However, since
422  centenarians get to enjoy at least 20 more years, how would this comparison look if we were to
423  compare relative age to chronological age? Is sickspan compressed or temporally scaled in
424  centenarians compared to the average population? As our life expectancy doubled in the last
425  hundred years and we are on the course of potentially reaching the limit of our lifespan
426  (Olshansky and Carnes, 2019), the accompanied delayed onset of disabilities already started to
427  decelerate in longer-lived women compared to men (Freedman et al., 2016). On the other hand,
428  there are several interventions that increase healthspan without increasing lifespan per se
429  identified in mice (Fischer et al., 2016; Garcia-Valles et al., 2013) and Rhesus monkeys
430 (Mattison et al., 2012). Thus, studying longevity is an important first step of identifying
431  molecular mechanisms promoting healthy aging, but our study and others (Fischer et al., 2016;
432  Garcia-Valles et al., 2013; Mattison et al., 2012) point toward that it is crucially important for
433  geroscience to start investigating interventions that improve healthspan directly in future
434  studies (Olshansky, 2018). Initial steps in defining healthspan (Kaeberlein, 2017; Kennedy et

435  al, 2014) and also tools and experimental setups, including this study, are being developed to

19


https://doi.org/10.1101/2021.05.31.446397
http://creativecommons.org/licenses/by-nc-nd/4.0/

436

437

438

439

440

441

442

443

444

445

446

447

448

449

bioRxiv preprint doi: https://doi.org/10.1101/2021.05.31.446397; this version posted November 11, 2021. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

reliably quantify healthspan (Bellantuono et al., 2020; Collins et al., 2008; Haefke and Ewald,

2020; Teuscher and Ewald, 2018; Teuscher et al., 2019).

In summary, we have demonstrated that C. elegans sickspan is neither compressed nor extended
in longevity mutants providing an alternative answer to an ongoing debate in the aging field.
With our measurements, we showed that previous claims that insulin/IGF-1 receptor mutants
have increased sickspan compared to wild type are correct if the voluntary movement is
measured, but not the case if the muscular function or other healthspan measurements are
considered that do not rely on the behavioral state of the animal. By adjusting the reference
system from chronological age to relative age, we provide evidence that the healthspan of
longevity mutants undergoes temporal scaling. Future studies using our acoustophoresis

approach to study the role of healthspan will reveal novel strategies to improve healthy aging.
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Figure 1: Voluntary movement quantification in aging C. elegans populations. C. elegans lifespan analysis displaying
survival (A), healthspan (B), and sickspan (C) for each genotype. Error bars = S.E.M. between plates at 24h intervals.
Healthspan refers to the timespan of fast movement, sickspan to the time spent in sedentary movement, and lifespan to the
time until the animal fails to move irretrievably. The fate of each individual is displayed separately for each genotype
overlayed with the population's survival (D). Here, each individual’s healthspan is marked as a transparent line spanning
from young adulthood to the onset of sickspan marked by a black dot and then extends further as sickspan until the
individual’s point of death on the population survival curve. The inset displays the overall proportion each genotype spends
in their healthspan for each lifespan quantile (Q1 — Q4). The correlation between health and lifespan is shown in figure (E).
Each individual is represented as a point with its lifespan on the x-axis and its corresponding healthspan on the y-axis. A
linear model passing through the origin is shown as a solid line. The wild type (N2) model is superimposed on the longevity
mutants as a red and white dashed line. All genotypes are compared to temporarily scaled wild type N2 with the mean
population life- and healthspan and error bars indicating the standard errors (F). The extrapolated ratio of health- to the
lifespan of wild type (0.78) is displayed as a dashed black line. The distance of each population average is marked by a
vertical line, and the difference in expected healthspan is indicated.
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482 Supplementary Figure 1: Paradoxon - young animals die apparently in good health.

483 The sickspan distribution for every quartile of the lifespan distribution is displayed as boxplots, with each strain in a separate
484 panel (A). Animals experience progressively higher sickspan ratios with each quantile, with the two middle quantiles being
485 the most similar. The distributions of the first and fourth quartile are shown as violin plots with their median line highlighted
486 by a horizontal segment showcasing the increase of relative sickspan and heterogeneity with age across genotypes (B). To
487 compare the individual genotypes for each relative age cohort, the corresponding quartiles are contrasted as boxplots for each
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488 strain and each quartile in a separate panel and indicate temporal scaling of healthspan (C). The sickspan ratio is compared
489 across genotypes and quartiles (Mann-Whitney test) and the P-values are depicted as symbols (ns > 0.05, * < 0.05, ** < 0.01,
490 *H%k <0.001, **** <0.0001). When all quartiles are displayed, the median sickspan percentage of the first and last quartile of
491 the wild-type population are indicated as dashed horizontal lines. The number of observations associated with every

492 subpopulation is displayed at the bottom of each observation. Each strain is shown in its distinct color, and increasing age is
493 reflected by increasingly dark coloring.

494
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497 Supplementary Figure 2. Relative healthspan within early and late dying C. elegans groups

498 To address the question of whether outliers drive the overall health-to-lifespan ratio, each genotype was divided into seven
499 groups with equally sized age bins between the first and last recorded death in each genotype’s population to visualize the
500 distribution of death events. At the top of each bar, the number of animals observed to die in this cohort and its share in the
501 overall population is displayed (A). The healthspan distribution in each age group is shown as a violin plot (B). The average
502 percentage of each population spent in their healthspan is displayed above each group, with the population size indicated in
503 brackets. The health-to-lifespan diagonal is shown as a dashed line, and a loess trendline was fitted to the binned datasets with
504 a 95% confidence interval shaded in grey. In case the sample size falls below a threshold, the violin plot was omitted. Each
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505 analysis is displayed separately for every C. elegans genotype, which are each shown in a separate line and in a distinct color.
506 The spread of the healthspan distribution increases at older ages, with some animals experiencing nearly no sickspan and others
507 spending most of their life in the sickspan portion.
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Supplementary Figure 3. Voluntary movement quantification in aging C. elegans populations under different
experimental setup conditions

To exclude any potential confounding factors due to experimental setup, we chose to compare temperature-sensitive sterile
TJ1060 spe-9(hc88) as a normal-lived wild-type control to long-lived glp-1(e2141). Both strains eggs were cultured at 25°C
until day two of adulthood and then shifted to another bacterial food source (HT115, L4440) and maintained at 20°C for the
remained of the lifespan in the lifespan machine. Shown is a composite of three independent trials. Comparable to Figure 1,
(A) C. elegans lifespan analysis displaying survival, (B) healthspan, and (C) sickspan for each genotype. (D) Individual
onset of sickspan marked by a black dot and then extends further as sickspan until the individual’s point of death on the
population survival curve. (E) The correlation between health and lifespan is shown in figure. (F) The long-lived g/p-
I(e2141) is compared to temporarily scaled spe-9(hc88) with the mean population life- and healthspan and error bars
indicating the standard errors. For details, see Figure 1 and Supplementary Table 1 for raw data and statistics.
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523 Figure 2: Experimental setup to measure maximum C. elegans muscle strength
524 Top view of the schematic representation of the silicon/glass acoustofluidic chip, fluid in- and outlets, and the piezoelectric
525 transducer positioned at the bottom and C. elegans trapped in the standing wave (A). A photograph of the back of the chip
526 together with the metal clamps, the attached fluid connectors, temperature probe, and a piezoelectric transducer is shown (B,
527 top). The front view of the chip provides an overview of the device shape, the microfluidic channel, and the measurement

528 region (MR) (B, bottom). A day 4 wild type C. elegans, as seen by the camera in the measurement region, is displayed
529 together with the image processing output highlighting the outline and the segmented midline of the animal as well as the
530 channel borders and centerline (C). The effect of the acoustic field (frequency: 3.543 MHz, voltage amplitude: 76 Vpp, A/2

531 mode) is shown in (C, 2), aligning the animal at the midline. The animal exercises maximum muscle power attempting to
532 bend its head away from the midline (C, 3) to achieve a turn (C, 4), likely as an attempted escape response. The working
533 model to quantify the C. elegans muscular force consists of 13 rigid links along the animal’s midline, which are connected by
534 joints. Blue arrows reflect the muscle activity acting on each joint to generate a force against the acoustic field (E). The

535 acoustic force acting along the animal’s body is modeled as the individual acoustic forces acting on the grey spheres aligned
536 along the body and represented by black arrows, with the length of each arrow being proportional to its force or moment
537 magnitude. The acoustic radiation potential is illustrated using a C. elegans cross-section highlighting the animal’s four body
538 wall muscles (D). If stretched, the animal rests at the minimum (see C 2) and, upon muscle contraction, moves upwards in its
539 potential energy well (see C3). The four C. elegans frames (C 1-4) are put in the context of one 30 seconds actuation cycle
540 showing the time-resolved total energy and mechanical work quantification for this animal (F). Red areas reflect regions of
541 zero energy due to the acoustic field being turned off, and the blue areas indicate C. elegans turn movements during which
542 muscle force estimation is paused. A C. elegans maximum force assessment routine consists of multiple 30 seconds exercise
543 rounds intermitted by 5-second breaks for a total of up to ten actuation cycles. For wild type, this exercise regimen is

544 displayed with the exercise rounds on the x-axis, the total power (time-averaged) on the y axis, as derived from the respective
545 total energy curve in (F), and the age of the population given at the top of each facet (G). Wild type C. elegans is contrasted
546 to long-lived C. elegans genotypes across up to ten exercise rounds focusing on the aged cohort above day 20 of adulthood
547 ).
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549  Figure 3. Time course of fitness- and structural-related phenotypes for wild type and long-lived C. elegans under
550  acoustic stimulation

551 Acoustic compression was used to quantify phenotypes directly (# turns, energy, diameter- and volume compression, and
552 dynamic power by volume) as well as indirectly by exploiting the non-destructive linear alignment of the animals (length,
553 volume). Randomly selected images for N2 (A) and daf-2(e1368) (B) at different ages are displayed to illustrate the

554 positioning of the C. elegans in the microfluidic measurement channel and how all matrices are shown below were obtained.

555 Measurements are displayed as mean + standard error for each assessed age point and subjected to local polynomial

556 regression fitting displayed as a full line with the confidence interval set to 95% and bounded by dashed lines. For the

557 acoustic compression only, the fitted line is shown. The length (C) and volume (D) of the animal was quantified

558 automatically using the entire length and area of the animal in the channel, respectively. The number of turns was quantified
559 manually and corresponded to the number of times an animal successfully changed its orientation in the channel by 180°. The
560 total energy of the individual was calculated using the magnitude of the lateral deflection of the animal from the channel
561 middle (F). The compression experienced by the animal diameter (G) and volume (H) when the field is activated was

562 computed automatically and displayed as a full line when the field is on and a dashed line when the field is off. The dynamic
563 power/volume (I) reflects the work the animal performs against the field to change its lateral position in the channel and is
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564 normalized by the overall volume of the animal to enable comparisons across genotypes making this the most informative
565 health parameter. The mean value for day 0 and day 33 N2 animals are indicated in black dashed lines, and the half-activity
566 value between these two extremes is shown as a full line which is also used to deduce the health- to sickspan transition for

567 each genotype. Using this N2 half-activity value, the individual strains reach their sickspan at approximately 10 days for N2,
568 28 days for daf-2(e1368), 20 days for daf-2(e1370), 18 days for eat-2(adl116), and 27 days for glp-1(e2141) while CB190
569 spends its entire lifespan in its sickspan fraction. Long-lived genotypes, in general, do not experience the same linear energy
570 density decline as wild type since their total energy decrease is slowed down, as is their growth leading to a non-linear energy
571  density trajectory.
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Supplementary Figure 4. C. elegans movement in the acoustic exercise chamber.

The exercise regimen was benchmarked for wild type (N2) C. elegans at different ages to quantify after how many cycles
they experience muscle fatigue (A, B). Every trace corresponds to one individual animal that was up to ten times subjected to
30 seconds maximum force exercise followed by a 5 seconds break (A). Thicker lines represent the population means at
every time point. To quantify maximum muscle strength, we selected the first two actuation cycles (B) at which no fatigue
can yet be identified. The total energy is computed over the entire body and muscle apparatus of the animal. Interestingly, the
spline position most activated in this exercise is the head and tail sections (C). Focusing on the head, we quantified the
relative head movement for different strains at old age and also observed the same trend of decreasing movement with higher
actuation cycles (D). The extreme case of the paralyzed CB190 vs. N2 in young adulthood displays that while the mutant is
still able to move the head away from the midline of the field when the acoustic field is off, it is unable to move when the
field is on while N2 successfully fights against the applied forces (E).
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590 Figure 4. Temporal scaling of C. elegans aging phenotypes
591 The measured values of selected phenotypes are shown using different scales on the y-axis, animal age on the x-axis, and
592 facetted by strain (A). To address the temporal scaling of phenotypes hypothesis, the loess fit of the measured values for wild
593 type is shown as a solid grey line, and it is temporally scaled values using the respective mean lifespan increase experienced
594 by the respective strain are shown as a dashed line also in grey. The measured phenotype trajectory for each strain is shown
595 in color, each in a separate panel. The maximum fitted value is marked using. White point and its increase relative to the
596 maximum fitted values measured for wild type are shown for both the age and phenotype variables. The same phenotypes as
597 in subfigure (C) are modeled using a piecewise linear relationship in (B). The breakpoint of the segmented fit is estimated by
598 the model at the age value, where the linear relationship between the measured phenotype and population age changes. The
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individual animals measured at each time point are displayed as mean +/- standard error.
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Supplementary Figure 5. Phenotypes quantified within the microfluidic setup

Automated quantification of C. elegans diameter (D = diameter) evaluated at the middle segments colored in red and the
length (L = length) of the animal along its spine colored in light blue (A), The change in diameter and length quantification as
the field is switched (US = ultrasound) is indicated. The assumptions and necessary simplifications that were made to analyze
the acquired frames are listed (B). Excerpts of the manual quantification of C. elegans intestine length and diameter, pharynx
width and height, and the number of cuticle wrinkles are displayed (C). Annotation was performed in a self-developed image
annotator suite based on the python programming language. Principal component analysis (PCA) of the measured phenotypes
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612 are displayed for aging wild type (N2) C. elegans individuals, with each point representing one individual. The overlaying

613 components refer to the highly correlated features length, volume, and diameter. Tissue heterogeneity and age pigments were
614 studied by analyzing the intensity distribution across different cross-sections along the animal’s fitted spine. Representative
615 images of tissue and cuticle weakening displaying an increased bending angle of older animals compared to younger

616 individuals as they attempt to turn in the channel (F). Similarly, older animals are smaller and sometimes display cuticle
617 wrinkles (G). The strong stimulation of the acoustic force in the animals is shown for a representative daf-2(e1368) animal
618 (H). The spline midline and head position is displayed for seconds preceding (left), and after (right), the acoustic field is
619 activated. The animal directly responds with a strong escape response.

620
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622
623 Supplementary Figure 6. Rationale behind the partitioning of physical properties into scaled and unscaled phenotypes
624 Phenotypes displaying an age-dependent change and at least a partial temporal shift for any long-lived strain were manually

625 classified as temporally scaled phenotypes (A, B), and phenotypes that do not satisfy these conditions are categorized as
626 unscaled phenotypes (C, D). The quantified phenotypes are fitted using a loess model in all panels. The observed values for
627 each individual are displayed using mean +/- standard error for each timepoint (A, C). The maximum value predicted by the
628 loess fit is shown, and the increase relative to the wild type maximum is displayed at the top of the graph.
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630 Supplementary Figure 7. Principal component analysis of temporally scaled phenotypes to identify similarity between
631 phenotypes and their contributions
632 The subset of temporally scaled phenotypes for each individual was subjected to principal component analysis, and the first
633 two principle components are shown together with the variance they explain. The contribution of each phenotype to the two
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634 first principle components is displayed as vectors with the orientation reflecting the directionality and the color and length
635 capturing the contribution of each phenotype (A). The overall progression of young to middle-aged to old individuals through
636 the phenotype landscape is schematically illustrated. The bottom left quadrant is highlighted in red to indicate its association

637 with animals experience a poor health status. To compare the effect of age on the clustering of the different C. elegans
638 genotypes, all animals were grouped into 3 age categories, and the individual genotypes were shown in different colors (B).
639 Confidence ellipses are drawn at the level of 95% for all samples (transparent) and the sample means (non-transparent). To
640 compare the effect of age separately for each genotype, the three age categories are shown for each strain, young in green,
641 middle-aged in yellow and old animals in red (C). Complete separation of age and genotype is provided in panel (D),

642 highlighting the measurements for every individual animal encompassed by the 95% sample confidence ellipse.

643

644
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647 Supplementary Figure 8. Hierarchical clustering of temporally scaled phenotypes

648 The similarity between sampled genotypes and ages are displayed using hierarchical clustering. The comparison between all
649 samples (A), between each long-lived genotype and wild type (B, D, F, H), and within each long-lived is shown (C, E, G, I).
650 The tree is cut into five clusters when comparing all samples and, in all other cases, four clusters and colored from left to
651 right.
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Figure 5. Integration of voluntary movement and forced maximum muscle strength quantification to yield a
comprehensive understanding of C. elegans healthspan

The volume-corrected relative work performed by each genotype and grouped by age category (young <=7 days, 8 < middle
< 20 days, old >= 20 days) is shown as boxplots facetted by genotype (A) and by age category (B). P-values of selected
comparisons (Mann-Whitney test) are displayed as symbols (ns > 0.05, * < 0.05, ** < 0.01, *** < 0.001, **** <0.0001). The
Population medians for young and old N2 are displayed as horizontal dashed lines across all panels.

C) The measured lifespan of each C. elegans genotype is displayed with animal age on the x-axis, the fraction of the
population that is alive on the y-axis, and the mean and standard error between plates shown as point and line range. The
voluntary movement was quantified using the active vs sedentary behavior of the unstimulated animals on plates and is
shown for each population as a bar at the top of each panel. Muscle health and the corresponding onset of sickspan due to
reduced muscle function is depicted as a bar at the bottom of each facet. The position on the lifespan curve corresponding to
the health-to-sickspan transition of either the unstimulated or stimulated healthspan quantification is marked by a white
circle. The two health assessments divide the lifespan curve into three segments, with decreasing health status reflected by
increasing transparency.
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675  Materials and Methods
676  Strains
677  Caenorhabditis elegans strains were maintained on NGM plates and OP50 Escherichia coli

678  bacteria. The wild-type strain was N2 Bristol. Mutant strains used are described at

679 www.wormbase.org: LGII: eat-2(adl116); LGIIIL: daf-2(el1368, el370), glp-1(e2141).

680

681 (. elegans culturing conditions

682 (. elegans populations were age-synchronized by isolating eggs from gravid C. elegans adults,
683  incubating them for 18 hours in M9 until hatching in the presence of 5 ng mL—1 cholesterol
684  (Sigma-Aldrich). Hatched L1-larvae were grown on standard culturing NGM OP50 plates and
685 then shifted to 50 uM FUdR plates seeded with heat-killed OP50 plates when reaching the L4
686  state. Animals were maintained on FUdR plates until the measurement of different ages was
687  taken. The glp-1(e2141) mutants were placed at 25°C after bleach treatment and shifted back
688 to 15°C at the L4 stage and otherwise treated equally to the other strains. We note that there
689  might be a possible additional lifespan extension from shifting glp-/ larvae at 25°C during
690 development since wild type N2 grown at 25°C and shifted to 20°C as adults showed increased
691 lifespan (Zhang et al., 2015). Unfortunately, an overall same temperature regime for wild type
692  and all mutants for this study is not possible since daf-2 mutants would enter into dauer at 25°C
693  during development. Thus, except for glp-1 during its development, all animals were always
694  maintained and aged at 15°C.

695

696 Automated survival assays using the lifespan machine

697  To compare the lifespans among wild type and long-lived mutants, we raised all animals for
698  several generations in parallel. Automated survival analysis was conducted using the lifespan
699  machine setup described by (Stroustrup et al., 2013). Briefly, approximately 1000 L4 animals

700 were resuspended in M9 and transferred to NGM plates containing 50 uM 5-Fluoro-
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701  2’deoxyuridine (FUdR) seeded with heat-killed OP50 bacteria and incubated at 15°C until day
702 4 of adulthood. Animals were then resuspended in M9 and transferred to fresh FUdR plates
703  containing tight-fitting lids (BD Falcon Petri Dishes, 50x9mm), and the plates were dried with
704  their lids open for 30 minutes after transfer. The plates were incubated for five additional days
705  to rule out contamination and then loaded in the lifespan machine. Air-cooled Epson V800
706  scanners were utilized for all experiments operating at a scanning frequency of one scan of 30
707  minutes. Temperature probes (Thermoworks, Utah, US) were used to monitor the temperature
708  on the scanner flatbed and kept constant at 15°C.

709 For the health-, sick-, life-span validation experiment, we chose to alter three
710 experimental conditions: 1. temperature regime, 2. different bacterial source and live bacteria,
711 and 3. no FUdR. We maintained temperature-sensitive sterile mutants TJ1060 spe-9(hc88) 1;
712 rrf-3(b26) 11 and glp-1(e2141) at 15°C. Synchronized L1 by bleach preparation and let the
713  larvae develop to day-2 adults on OP50 NGM plates at 25°C. Then, we transferred worms onto
714  empty vector L4440 HT115 bacteria at 20°C and at day-8 of adulthood to lifespan plates
715  containing 14440 bacteria to assess lifespan at 20°C.

716

717  Voluntary movement healthspan measured by lifespan machine

718  The time point at which the animal stops moving completely and irretrievably is classified as
719  the point of death and defines the lifespan of each individual. The health- to sickspan transition
720  1is estimated by the time point when major movement ceases, and exclusively head movements,
721  posture change, and minor body movements can be observed. The animal is also required to be
722  sedentary and remains in the rough vicinity of the area; it will ultimately die.

723

724  Microfluidics device measuring muscle strength

725 A detailed description of the microfluidics device development and characterization is found in

726  the Cell Reports Methods manuscript.
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Figure generation and statistics

The analysis was performed using the statistical software R. data processing and visualization
were performed using the tidyverse package collection, most prominently dplyr and ggplot2.
Furthermore, packages were used for lifespan analysis (survival, survminer), computing and
visualizing PCA (stats and ggfortify, factoextra), fitting loess models (stats), and segmented fits
(segmented), labeling (ggrepel) comparing distributions (ggpubr), and arranging figures

(cowplot).
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