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SUMMARY:  30 

Here we describe the Replica Set method, an approach to quantitatively measure C. elegans 31 

lifespan/survival and healthspan in a high-throughput and robust manner, thus allowing 32 

screening of many conditions without sacrificing data quality. This protocol details the strategy 33 

and provides a software tool for analysis of Replica Set data. 34 

 35 

ABSTRACT:  36 

The Replica Set method is an approach to quantitatively measure lifespan or survival of 37 

Caenorhabditis elegans nematodes in a high-throughput manner, thus allowing a single 38 

investigator to screen more treatments or conditions over the same amount of time without loss 39 

of data quality. The method requires common equipment found in most laboratories working 40 

with C. elegans and is thus simple to adopt. The approach centers on assaying independent 41 

samples of a population at each observation point, rather than a single sample over time as with 42 

traditional longitudinal methods. Scoring entails adding liquid to the wells of a multi-well plate, 43 

which stimulates C. elegans to move and facilitates quantifying changes in healthspan. Other 44 
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major benefits of the Replica Set method include reduced exposure of agar surfaces to airborne 45 

contaminants (e.g. mold or fungus), minimal handling of animals, and robustness to sporadic mis-46 

scoring (such as calling an animal as dead when it is still alive). To appropriately analyze and 47 

visualize the data from a Replica Set style experiment, a custom software tool was also 48 

developed. Current capabilities of the software include plotting of survival curves for both Replica 49 

Set and traditional (Kaplan-Meier) experiments, as well as statistical analysis for Replica Set. The 50 

protocols provided here describe the traditional experimental approach and the Replica Set 51 

method, as well as an overview of the corresponding data analysis. 52 

 53 

INTRODUCTION:  54 

One of the most transformative technological advancements towards understanding the genetic 55 

basis of aging was the development of feeding-based RNAi in C. elegans1; prior to the 56 

experimental use of RNAi, many phenotypes of aging were not genetically tractable. Feeding-57 

based RNAi is achieved through the production of dsRNA within E. coli that matches an 58 

endogenous C. elegans mRNA: IPTG induces bidirectional transcription across an insert of either 59 

C. elegans cDNA or a portion of an open reading frame within a plasmid2. When C. elegans feed 60 

upon intact E. coli, dsRNA produced by bacteria is transported from the lumen into intestinal cells 61 

via the SID-2 transmembrane protein3, and then distributed through the rest of the animal via 62 

SID-14. Within each cell, exogenous dsRNA is processed by the Dicer complex into siRNA, which 63 

interact with a mature mRNA via complementary base pairing to create a new siRNA-mRNA 64 

duplex. This duplex is recognized by the RISC complex and cleaved, thereby degrading the 65 

endogenous mRNA5. Thus, by merely changing the plasmid insert, one can inactivate the function 66 

of nearly any gene within the C. elegans genome. This discovery led to the creation of several 67 

large feeding-based RNAi libraries- collections of transformed E. coli stocks that can be combined 68 

to achieve coverage of approximately 86% of known C. elegans genes6, 7.     69 

 70 

Since the advancement of feeding-based RNAi, comprehensive screens in C. elegans have led to 71 

the discovery of more than 900 genes that alter lifespan when inactivated (as evidenced by the 72 

RNAi-phenotype associations curated in WormBase), which we refer to as gerogenes. A role for 73 

the majority of gerogenes in longevity control was discovered through feeding-based RNAi in just 74 

a few seminal reports (see Figure 1A and Supplemental File 1 for details). In some cases, these 75 

gerogenes have been identified based on measuring the viability at a single or a few time points, 76 

which fails to provide a quantifiable measure of the change in lifespan with RNAi treatment. In 77 

other cases, these genes have been quantitatively assessed for changes in lifespan, as well as 78 

additional age-associated phenotypes. For instance, we previously identified 159 genes that were 79 

necessary for both normal and increased lifespan of animals with decreased insulin/IGF-1 80 

signaling, and quantified changes in healthspan. Of these, 103 gene inactivations result in a 81 

progeric phenotype, as loss resulted in one or more signs of premature aging8.  82 

 83 

While some gerogenes have been associated with 100 or more studies (e.g. daf-16, daf-2, sir-84 

2.1), over 400 gerogenes have 10 or fewer citations (Figure 1B, and Supplemental File 2). Thus, 85 

while comprehensive feeding-based RNAi screens have discovered and cursorily characterized 86 

hundreds of putative gerogenes, how these genes function in longevity control, and the genetic 87 

interrelationships between these gene products remain poorly studied. Full longitudinal analysis 88 
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for age-associated phenotypes is a prerequisite for identifying genetic interactions between 89 

gerogenes (e.g. epistatic interactions, asynthetic interactions, etc.). Gaining deeper insight into 90 

the genetic interrelationships between gerogenes requires a high-throughput quantitative 91 

method, which also leverages the advantages of feeding-based RNAi. 92 

 93 

The most common surrogate measure of aging is lifespan. The traditional approach for measuring 94 

C. elegans mortality tracks the deaths of individual animals over time within a small population 95 

sample. A relatively small number of animals are followed over time and periodically are gently 96 

prodded with either a platinum wire or eyelash, with movement as an indicator of viability (Figure 97 

2A). This method has been widely used, as it provides straightforward, direct measurements of 98 

the average and the maximum lifespan. However, this traditional method is time consuming and 99 

relatively low-throughput, which limits the number of animals and conditions that can 100 

simultaneously be measured in a controlled manner. A recent simulation study found that many 101 

C. elegans lifespan studies do not assay a large enough number of animals to be able to reliably 102 

detect small changes between conditions9. Furthermore, this traditional method involves 103 

repeatedly handling the same cohort of animals over time, which in turn can introduce 104 

contamination, and can damage or kill increasingly fragile, aged animals.  105 

 106 

We have developed an alternative “Replica Set” methodology for measuring C. elegans lifespan. 107 

To this end, a large population of age-synchronized, isogenic animals are divided into a number 108 

of small populations (or replicas). Enough replica samples are generated to cover each time point 109 

in the planned experiment. At each observation time point, one of the replicas is scored for the 110 

number of living, dead and censored animals, then animals within that replicate are discarded. 111 

Thus, over the expected lifespan of the population as a whole, a series of independent 112 

subpopulations are periodically sampled (Figure 2B). In using replica sets there is no repeated 113 

prodding of animals and no repeated exposure to potential environmental contamination. The 114 

viability observed at the one-time point is completely independent of every other observation, 115 

which minimizes handling and increases throughput by at least an order of magnitude. This has 116 

allowed us to quantitate changes in lifespan for hundreds of RNAi clones simultaneously8, 10.  117 

 118 

Here we present detailed protocols for conducting C. elegans lifespan via both the Replica Set 119 

and traditional methods for scoring C. elegans longevity. We demonstrate that similar results are 120 

obtained between the methods. We have developed software to assist in the graphical analysis 121 

of lifespan data generated through either approach, which we freely provide under a GPL V3 122 

license (See Table of Materials). “WormLife” is written in R11, and includes a graphical user 123 

interface (GUI) for plotting data, which has been tested in Mac OS and Linux. Lastly, we compare 124 

and contrast the limitations of each method and highlight other considerations when choosing 125 

between approaches to measure quantitative changes in C. elegans lifespan. 126 

 127 

PROTOCOL  128 

 129 

1: Traditional Method for Scoring C. elegans Longevity 130 

 131 

1.1. Preparation of reagents 132 
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 133 

1.1.1. Identify genes to be inactivated via feeding-based RNAi. Purchase transformed stocks of 134 

HT115 E. coli2 containing the RNAi clone of interest. Alternatively, subclone the cDNA of the gene 135 

of interest into the multicloning site of the L4440 plasmid. 136 

 137 

NOTE: HT115 is an RNase III-deficient E. coli strain with IPTG-inducible T7 polymerase activity, 138 

which is used to prevent degradation of dsRNA within the bacteria. For lifespan studies that do 139 

not use feeding-based RNAi, either HT115 or OP50 E. coli on standard NGM plates can be used. 140 

   141 

1.1.2. Prepare 3-6 (or more) 6 cm RNAi plates per test condition (Supplemental File 3 for recipe). 142 

Store RNAi plates at 4 °C before seeding with bacteria for up to several months.  143 

 144 

1.1.3. Grow transformed E. coli overnight (16-20 h, 37 °C shaking incubator at 180 - 220 RPM).  145 

 146 

NOTE: HT115 E. coli is grown in LB with ampicillin (50 g/mL). Standard OP50 E. coli is not 147 

antibiotic resistant and is grown without ampicillin. Culture volume depends on the # of plates, 148 

but is typically between 8 and 100 mL of LB, depending on the experimental design.  149 

 150 

1.1.3.1 Concentrate bacteria by centrifugation at 3,000 x g for 15-20 min in a benchtop 151 

centrifuge. Aspirate the supernatant, and re-suspend the pellet at 1/10th starting volume (i.e. 152 

10x) in LB with ampicillin for HT115 (or without ampicillin for standard OP50). 153 

 154 

1.1.3.2 Aliquot 200 µL of concentrated 10x bacteria to each 6 cm plate. Prepare 3-4 replicates 155 

per test condition, with 2 extra backup plates, to be used in case of contamination. When 156 

preparing plates, label them so the experimenter scoring the assay is blind to the experimental 157 

conditions, using a color code or similar coding scheme. Ensure that the code is recorded. 158 

 159 

1.1.3.3 Allow open plates to dry in a clean environment such as a laminar flow bench until all 160 

liquid has been absorbed or allow covered plates to dry on the bench overnight. Monitor plates 161 

while drying to ensure that the agar is dry without over-drying. 162 

 163 

NOTE: Over-drying the plates leads to cracking of the agar that will cause C. elegans to burrow 164 

into the agar. Wet the agar surfaces also promote burrowing.  165 

 166 

1.1.4 Store dried plates within a worm box overnight (up to 24 h) at room temperature to allow 167 

induction of dsRNA production. After 1 day at RT, store plates at 4 °C for up to 2 weeks in a sealed 168 

zip-lock bag (to prevent plates from drying out). Before use, return plates to room temperature 169 

within the zip-lock bag to prevent condensation from introducing airborne fungal contaminants.  170 

 171 

1.2. Synchronization of C. elegans with hypochlorite treatment  172 

 173 

NOTE: See Supplemental File 3 for M9 and hypochlorite solution recipes.  174 

 175 
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1.2.1 Collect gravid adult animals with M9. Use a plugged glass pipette to move to 2 x 15 mL 176 

tubes.  177 

 178 

1.2.2 Spin tubes for 30” at ~2,000 RPM. Check for a pool of at nematodes at the bottom of the 179 

tube. Aspirate the supernatant. Wash two times with M9 solution, repeating spin and aspiration. 180 

    181 

1.2.3 Re-suspend C. elegans in 4 mL of M9. Add 2 mL of hypochlorite solution. Immediately vortex 182 

for ~3 min, with periodic vigorous shaking. After 3 min, look for a cloud of eggs under a dissecting 183 

microscope. Vortex an additional 10-20 s if eggs have not been released after 3 min.  184 

 185 

NOTE: Timing the hypochlorite treatment is essential. Eggs within the gravid adults are what 186 

survive treatment. After ~3 min the gravid adults break open and the eggs spill out. However, if 187 

eggs are in hypochlorite solution too long after release they will die. Conversely, if gravid adults 188 

are not left in hypochlorite solution long enough, no eggs will be released. 189 

 190 

1.2.4 Quickly wash with M9 solution twice as in step 2.1.2. 191 

 192 

1.2.5. Re-suspend C. elegans egg pellet in 3 mL M9 and transfer to a new 15 mL tube. Allow 193 

embryos to hatch overnight in 3 mL of M9 solution with rotation at 20 °C.  194 

 195 

1.2.6 Calculate the density of L1 animals (or embryos) per µL by dropping 10 µL of L1 solution 3x 196 

on a 6 cm plate and count the number of L1 animals to calculate the average number of L1s/µL.  197 

 198 

NOTE: L1 animals will settle over time. Therefore, L1 solutions should be periodically mixed. 199 

 200 

1.2.7 Seed 50 L1 animals per plate. Invert plates and seal with a rubber band. Place plates in a 201 

plastic worm box. Seal box in a large zip-lock bag. Move to a 20 °C incubator.  202 

    203 

1.3. Preventing progeny production by the addition of 5-Fluoro-2'-deoxyuridine (FUdR)  204 

 205 

1.3.1 Grow animals until L4 stage at 20 °C. Check to see whether synchronized animals have 206 

developed to L4 approximately 40 hours after seeding (step 2.1.7).  207 

 208 

NOTE: C. elegans developmental time will vary at different temperatures12 and growth rates of 209 

mutant animals for which rates have not been characterized must be empirically tested. 210 

 211 

1.3.1.1 Add 160 µL of 50x FUdR to each 6 cm plate with L4 animals.  212 

 213 

NOTE: It is critical to add FUdR at the L4 stage. For convenience, make 1000x stocks of FUdR by 214 

dissolving 1 g FUdR into 10 mL ultrapure H2O. Filter-sterilize stock FUdR with a 0.2-micron filter 215 

and a 10 cc syringe. Aliquot ~1 mL of stock into sterile 1.5 mL tubes. Freeze and store at -20 °C. 216 

 217 

1.3.2 Inspect plates for the presence of male C. elegans. Remove all males.  218 

 219 
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NOTE: Lifespan is typically measured for hermaphrodites and not males. Hermaphrodites that 220 

mate live shorter than unmated animals, even in the presence of FUdR13. Males are smaller and 221 

thinner then hermaphrodites and can be easily identified by a distinctive hooked tail14. 222 

 223 

1.3.3 Put box back into the zip-lock bag. Return to 20 °C incubator. 224 

 225 

1.4. Scoring viability 226 

 227 

1.4.1 Score viability daily by gently touching the animal on the head with a platinum wire or 228 

eyelash. Score animals that fail to move as dead and remove them from the plate (Figure 2A). 229 

Record the number observed dead for each condition for every observation time point.  230 

 231 

NOTE: To reduce the risk of scoring bias, the experimenter must remain blind to experimental 232 

conditions and similarly must not reference the results from previous time points during scoring. 233 

 234 

1.4.2 Censor animals that rupture, die from other obvious development defects, or crawl up on 235 

the side of the dish: remove these animals and record the number at each observed time point 236 

for consideration in the statistical analysis. Additionally, if males are found, remove them and 237 

record the number observed.  238 

 239 

1.4.3 Repeat from step 1.4.1 daily until no animals remain alive. 240 

 241 

NOTE: Should the lawn of E. coli diminish significantly or fungus begins to grow upon the plate, 242 

transfer all remaining animals to a fresh plate with the appropriate RNAi and FUdR. 243 

 244 

1.5. Data analysis- plotting and statistics 245 

 246 

1.5.1 Input or open recorded observation data in software supporting survival analysis with the 247 

non-parametric Kaplan-Meier estimator15 and log-rank test16 (See Supplemental File 3). Be sure 248 

to include censored animals. Do not include males that were observed, if any. 249 

 250 

NOTE: Data formats may vary between software, but a common format is to record each 251 

individual animal observed on a separate line. The experimental timepoint at which an animal 252 

was observed as dead is the “event” time. If censored, the “event” time is the timepoint at which 253 

the animal was censored. There is usually a field or checkbox to indicate censored observations. 254 

 255 

1.5.2 Plot Kaplan-Meier survival curves. Select fewer than six conditions for a single plot if many 256 

conditions were assayed to improve readability. 257 

 258 

1.5.2.1 Check for data issues that are visually apparent- missing observations, unexpected control 259 

results, etc.- and address these before statistical analysis. 260 

 261 
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1.5.3 Use the log-rank test function in your software to perform pairwise statistical comparisons. 262 

Ensure that any available options for treatment of censored results are set appropriately for 263 

right-censored data. 264 

 265 

2: Replica Set Method for scoring C. elegans longevity 266 

 267 

NOTE: While the traditional method requires 3-6 plates per condition (see 1.1.2. above), the 268 

Replica Set method requires many more (see step 2.2.2 below). The traditional method follows 269 

animals on the same plate throughout an experiment (Figure 2A). In contrast, with Replica Set 270 

animals are only scored once: many identical replicates are set up at the beginning of the 271 

experiment so that one replicate is scored at each time point (per trial) (Figure 2B).  272 

  273 

2.1. Library setup.  274 

 275 

NOTE: Additional detail on handing RNAi clones is covered here, as the Replica Set protocol is 276 

amenable to the simultaneous scoring of many RNAi clones, and can be scaled to well over 100 277 

clones at a time. Collections of RNAi clones are preserved as glycerol stocks maintained in a 96-278 

well format plate. Replica Set experiments use 24-well plates. Each well is a different test 279 

condition, which may correspond to a collection of RNAi clones, different chemical treatments, 280 

animal strains, and so forth. 281 

 282 

2.1.1 Assemble the layout of the sublibrary for collections of RNAi clones, such that the following 283 

conditions are met: 284 

 285 

2.1.1.1 Ensure that within a 96-well collection, well A1 is an empty vector negative control.  286 

 287 

2.1.1.2 Insert an additional empty vector control randomly within every 24 wells.  288 

 289 

2.1.1.3 Split the 96-well plate into blocks of 24 wells, such that each 24-well plate has at one 290 

randomly inserted negative control (Figure 2C). 291 

 292 

2.1.1.4 Insert a positive control randomly within every group of 24-wells (Figure 2C).  293 

 294 

NOTE: The positive control is dependent on the experimental question. For example, when 295 

looking at a collection of RNAi clones that increase lifespan, daf-2(RNAi) is frequently included. 296 

Conversely, when looking at shortened lifespan, daf-16(RNAi) is frequently used.   297 

 298 

2.2. Preparation of replica sets 299 

 300 

NOTE: The number of replicates needed is equal to the minimum number of time points (Figure 301 

2B). One must know a posteriori how long to measure lifespan prior to the start of the 302 

experiment, as well as scoring frequency (e.g. a replica set experiment running 40 days with every 303 

other day scoring requires preparing a minimum of 20 replica sets for each condition at the start 304 

of the experiment). It is advisable to make ~5 extra backup sets (see 2.2.2 and 2.2.2.3 below). 305 
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 306 

2.2.1 To create a fresh stamp of the RNAi sublibrary, inoculate 200 µL LB+Amp per well in a 96-307 

well format (600 µL plates) using a 96-pin plate replicator by the following steps: 308 

 309 

2.2.1.1 Sterilize 96 pin plate replicator by sequentially immersing the pins in 50% bleach, 310 

ultrapure H2O, and ethanol. Keep the pins immersed for at least 30 s for the bleach and ethanol 311 

steps.  After immersion in ethanol, flame the tips briefly. Repeat.  312 

 313 

NOTE: Be sure to rinse off all bleach, and do not leave the pins exposed to bleach for extended 314 

periods, as bleach can corrode the stainless-steel pins. 315 

 316 

2.2.1.2 Carefully remove adhesive foil cover from frozen 96-well glycerol stock library plate and 317 

gently but firmly grind tips of the sterilized plate replicator into the wells of the still frozen 318 

glycerol stocks. Inoculate 200 µL LB+Amp cultures and seal the inoculated plate with a permeable 319 

membrane. Allow cultures to grow overnight on the benchtop. 320 

 321 

2.2.1.3 Sterilize the plate replicator as in step 2.1.1, carefully remove the seal from the liquid 322 

culture plate after overnight growth and immerse tips of the replicator pins. Apply the tips with 323 

even pressure to a rectangular LB amp+tet agar plate, and transfer bacteria from the pins to the 324 

plate gently with a small circular motion, ensuring that adequate space is left between adjacent 325 

spots. Allow colonies to grow overnight on the agar plate at 37 °C. See Supplemental File 3 for 326 

preparation of LB + Amp/Tet plates. 327 

 328 

2.2.1.4 Prior to use, store agar plate at 4 °C inverted (lid side down), wrapped in paraffin film.  329 

 330 

NOTE: Storing colonies lid side up will allow condensation to cross-contaminate RNAi clones! 331 

Colonies of E. coli can be stored for 2-8 weeks at 4 °C, depending on particular RNAi clones, as 332 

RNAi clones retain efficacy in inducing dsRNA after IPTG induction for variable lengths of time. 333 

For small collections of RNAi clones, RNAi efficiency should be empirically determined by RT-qPCR 334 

to confirm knockdown.   335 

   336 

2.2.2 Calculate the minimum number of 24-well plates necessary for one trial of the experiment: 337 

(# plates per replica set) x (expected # time points). Ensure that a few extra replica sets are 338 

included for handling issues such as contamination (Figure 2B).  339 

 340 

NOTE: The total number of RNAi clones determine the number of 24-well plates to make one set 341 

of replicas for each time point (Figure 2C). 342 

  343 

2.2.2.1 Prepare 24-well plates, as step 1.1.2 (Supplemental File 3 for recipe). Label plates when 344 

preparing them so the experimenter scoring the assay will be blind to the experimental 345 

conditions, using a color code or similar coding scheme.  346 

 347 
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2.2.2.2 Inoculate one set of 1.5 mL LB+Amp cultures for every 10 replicas (see 2.2.2). Inoculate 348 

cultures in 96 well deep-well plates using the plate replicator (as in 2.1.3) and bacterial colonies 349 

from 2.1.4 (Figure 2C, left). Seal with breathable membrane, grow 20 h ( 37 °C) with shaking.  350 

 351 

2.2.2.3 Seed 120 µL of an overnight culture to each plate using a 6-well multichannel pipette with 352 

adjustable tip spacing (Figure 2C, right). Dry plates uncovered in a laminar flow hood until all 353 

liquid has been absorbed. Do not over-dry. Store plates overnight at room temperature. 354 

 355 

2.3. Synchronization of C. elegans using hypochlorite treatment  356 

 357 

2.3.1 Calculate the minimum number of animals needed for the experiment: minimum # of L1s 358 

needed = (15-20 animals/well)(24 wells/plate)(X plates/replica set)(Y replica sets).  359 

 360 

NOTE: The Replica Set method requires more animals than the traditional method. One 10 cm 361 

plate full of gravid worms can provide 20,000-50,000 L1 animals depending on the density of 362 

gravid adults. Similarly, 20 6 cm plates yield around ~30,000 L1 animals. Plan to prepare an egg 363 

preparation that doubles the minimum number of animals needed. If the population in 364 

preparation has starved, re-feed or chunk to a new plate and allow at least three generations on 365 

food before proceding17, 18. Be sure to freeze back leftover L1s. 366 

 367 

2.3.2 Follow steps 1.2 to 1.2.6  as in the traditional method to obtain synchronized L1 animals. 368 

Seed 15-20 L1 animals into each well using a 6-well adjustable-spacing pipette and reagent 369 

reservoir, similar to 1.2.7. Periodically mix L1 solution prevent settling of animals.  370 

 371 

2.4 Prevention of progeny production by the addition of 5-Fluoro-2'-deoxyuridine (FUdR)  372 

 373 

2.4.1 Follow step 1.3.1.  Prepare sterile 50x FUdR stock (see step 1.3.1.1).  374 

 375 

2.4.2 When animals reach L4, add 25 µL of 50x FUDR to each well of a 24-well plate using a 6-376 

channel adjustable-spacing pipette. 377 

 378 

2.5. Score viability 379 

 380 

2.5.1.  Remove one set of replicate plates and flood wells with the M9 solution, record total 381 

animals per well, and then gently touch non-moving animals on the head with a worm pick 382 

(Figure 2B). Animals failing to move are scored as dead. Discard scored plates. Record viability 383 

daily. 384 

 385 

NOTE:  Animals that rupture, show gross morphological defects, failed to develop, or crawled up 386 

on the side of the well are to be censored by excluding them from both the dead and total values.  387 

 388 

2.5.1.1 Record the number of animals that are censored within each well at each time point 389 

separately from the other values. 390 

 391 
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2.5.1.2 Do not score wells that do not have food or are contaminated (e.g. fungus or slime); such 392 

wells are considered censored. Also, censor a well if all of the animals display morphological or 393 

developmental defects. Record the censoring event for this RNAi clone/well at this time point.  394 

 395 

2.5.1.3 After scoring a replicate plate, discard it. Continue scoring a new replicate set each day 396 

until all animals across all wells are dead. To reduce the risk of scoring bias, the experimenter 397 

must remain blind to experimental conditions and similarly must not reference the results from 398 

previous time points during scoring. 399 

 400 

2.5.1.4 If all animals within a well were dead at a given time point, then after that day’s scoring, 401 

examine whether all animals have been scored as dead for two consecutive time points for a 402 

given well. If so, scoring viability is no longer needed for that well in subsequent time points. 403 

 404 

2.5.1.5 Conduct additional independent experiment trials. Track the results of successive trials 405 

separately from those in previous trials, with the trial number noted. 406 

 407 

3. Graph data 408 

 409 

NOTE: With the Replica Set method a curve fit is applied to approximate the mean and maximum 410 

lifespan. The parameters for assessing C. elegans mortality fit a logit curve19.  As most survival 411 

tools do not support logit curve fitting, a new program was developed for plotting logit curves 412 

(for Replica Set); Kaplan-Meier curves (for the traditional method) are also supported.  413 

 414 

3.1. Get started with the software. Download the release zip file for the current version (See 415 

Materials). Extract the zip file to a folder. See the readme file in the extracted folder for additional 416 

installation instructions. 417 

 418 

3.1. Start the plotting interface. Find the location of the code directory in the folder extracted 419 

from the zip file (e.g.  “/Users/UserName /Desktop/WormLife/code”). 420 

 421 

3.1.1 Enter the following commands in the R console, substituting for the folder path just 422 

identified. Press enter or return after each entered line: 1) 423 

setwd(“/Users/UserName/Desktop/WormLife/code”), 2) source(“plotGUI.R”), 3) openMain(). 424 

 425 

3.1.2 Allow time for the interface to load in a new window, bringing up the default screen as 426 

shown in Figure 3A. Let the R run in the background.  427 

 428 

3.2 Format data as comma-separated value (CSV) or tab-separated value (TSV) files. Specify 429 

columns and names, dependent on the type of analysis. See Supplemental File 4 (Replica Set) 430 

and Supplemental File 5 (traditional/Kaplan-Meier) for pre-formatted example data.  431 

 432 

NOTE: Data must be specified in a long format, i.e. one row per strain/treatment per time point 433 

per trial. CSV files are recommended for best compatibility between platforms. 434 

 435 
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3.2.1 Remove rows corresponding to observations that were skipped or censored. Check for the 436 

absence of missing or non-numeric values, as it may result in an error when the data is imported. 437 

 438 

3.2.2 For traditional Kaplan-Meier style analysis, do not pool data from independent trials- plot 439 

them separately. For Replica Set analysis, pool data from multiple trials, and then investigate 440 

using the TrialView functionality (see 6.3.3.4). 441 

 442 

3.3 Using the plotting interface 443 

 444 

3.3.1 Load a data file (import under the File menu) using the dialog box. To open .csv files, change 445 

the file type in the drop down to .csv (the default is “.txt/.tsv”), navigate to the folder with the 446 

data file. Here the file is the Replica Set example data (Supplemental File 4).  447 

 448 

NOTE: Importing a file when a dataset is already open will replace the current dataset. 449 

 450 

3.3.2 Select a file to import to start the import wizard, which walks through identifying the 451 

columns of the selected file (Figure S1A for Replica Set). If the input data corresponds to a replica-452 

set experiment, choose Logit for study type.  453 

 454 

NOTE: The import workflow is different between Replica Set (Figure S1A) and traditional (Kaplan-455 

Meier) (Figure S1B).  456 

 457 

3.3.3 Plot data. Select “Add Line” to begin plotting data. (A line corresponds to one set of 458 

conditions. There are features to help with experiments where many conditions were tested). 459 

 460 

3.3.3.1 Plot the control conditions- in the case of the example data N2 (WT) with L4440 (empty 461 

vector) RNAi are appropriate. Select Add Line under the Graphs menu to initiate the Add Line 462 

wizard: select the condition to plot and the graphical parameters for representing the line. 463 

 464 

3.3.3.1.1 To add a curve for a different condition manually, repeat the steps in 3.3.3.1 465 

 466 

3.3.3.1.2 To change color or plot symbol for a line, select Modify Line under the Graph menu. 467 

 468 

3.3.3.1.3 To remove a line without clearing all lines, select Delete Line under the Graph menu. 469 

 470 

3.3.3.1.4 To clear all lines in the current plot, select Clear Line under the Graph menu. 471 

 472 

3.3.3.1.5 To override the automatically selected maximum x-axis (time) value, use Set X scale 473 

under the Graph menu.  474 

 475 

NOTE: The y-axis (surviving fraction) always displays 100% (top) to 0% (bottom) in increments of 476 

20%. The x-axis is always displayed in increments of 5. Axis labels are not plotted to enable 477 

flexibility in labeling after saving plot images. 478 

 479 
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3.3.3.2 To save JPEG-format images of the currently displayed plot, use the Save Plot option in 480 

the File menu; only the current plot is saved. 481 

 482 

3.3.3.3 For creating individual plots for many different conditions in one experiment, the 483 

software allows defining and plotting a series.  484 

 485 

NOTE: The implementation of the series concept improves efficiency when working with large 486 

experiments. 487 

 488 

3.3.3.3.1 If starting with a blank plot workspace, add lines corresponding to control conditions 489 

that are to be consistent across all plots in the series (see 3.3.3.1).  490 

 491 

3.3.3.3.2 Define the series with “Define Series” in the Graphs menu. Select a condition 492 

corresponding to the line to display first in the series; only one can be selected. Choose graphical 493 

parameters (line color and plot symbol) for the line, as in 3.3.3.1. 494 

 495 

3.3.3.3.3 Review the plots for the different test conditions. Switch the display of the “series line” 496 

between conditions using the left/right arrow buttons found on the sides of the main plot 497 

window as well as in the top menu bar (Figure 3A-C). 498 

 499 

NOTE: If the selected series line is the same condition as one of the previously added 500 

control/reference lines, the new line may appear overlaid.  501 

 502 

3.3.3.3.4 Define the series to make certain other functions available (Save Series Plots and 503 

Trialview- see 3.3.3.4 for the latter). After defining a series, use the “Save Series Plots” option 504 

from the “File” menu to save individual plot image files for each plot in the series in a new folder.  505 

 506 

3.3.3.4 Trialview- visualizing results from independent trials of a Replica Set experiment. If 507 

multiple trials were run for one or more of the sample groups, plot the data from the individual 508 

trials and the pooled data from all trials separately to evaluate the consistency between 509 

independent trials (See Figure 3D). 510 

 511 

3.3.3.4.1 Set up a series as described in 3.3.3.3. The different trials will be plotted for each of the 512 

“varying” sample groups in a different image over the respective trials for the specified 513 

reference/control samples.  514 

 515 

3.3.3.4.2 To save the TrialView images, go to Print TrialViews in the Data menu; a JPEG image 516 

will be output for each plot in the series. 517 

 518 

NOTE: The example results in Figure 3D is for a case with two trials. 519 

 520 

3.3.4 Median lifespan summary table for Replica Set data. Visually inspect curves to ensure 521 

reasonable fit of the data, then select the Summary Table option in the Data menu to save a 522 

table of median lifespan values (time at 50% survival on logit curve) for each sample type.  523 
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 524 

3.4 Statistical evaluation of data generated via the Replica Set method 525 

 526 

3.4.1 For statistical analysis between two groups from a Replica Set experiment, modify and run 527 

an R script, provided in the release zip file (see “WormLife statistical analysis template script.R”).  528 

 529 

NOTE: Proficiency in R is not required to run the script. Additional documentation is in comments 530 

in the file. The script is ready for analysis of the example Replica Set data. User-generated data 531 

in the appropriate format (see Supplemental File 4) can also be analyzed. 532 

 533 

3.4.1.1 Open the script file in R (R GUI or RStudio).  534 

 535 

NOTE: This will display the script without running it. 536 

 537 

3.4.1.2 Modify the locations of necessary files to match the location on your computer. 538 

 539 

NOTE: These file paths must be fully qualified (i.e. should include the complete file location, 540 

including folders). 541 

 542 

3.4.1.2.1 Modify the paths (file/folder locations) for wlDir (location of the directory), dataFile 543 

(the Replica Set data file to analyze), compFile (specification of comparisons to run, if applicable), 544 

and outputPath (location where result files will be written to). 545 

 546 

3.4.1.3 Set the column names in the Specify columns in data file section if column names in the 547 

file to be analyzed are different from the example file. Specify a column for each parameter. If a 548 

study has multiple strains, but no RNAi (or other treatment) include a column in the data file with 549 

blank entries or the same for all rows (e.g. “no_treatment”, etc.). 550 

 551 

3.4.1.4 Set the compFile parameter. If the compFile parameter is set to NA, then all possible 552 

pairwise comparisons of groups will be run. 553 

 554 

NOTE: A group is defined by the combination of strain/genotype and treatment, which are 555 

concatenated and displayed as “strain_treatment”. For larger studies with many groups, a CSV 556 

file specifying comparisons can be provided. See the example file “comps_rsm_example.csv”. 557 

 558 

3.4.1.5 Set the number of iterations for Monte Carlo resampling (k.resamp, the default is 1000). 559 

 560 

NOTE: P-values of 0 may be returned when too few iterations are performed; in such cases it is 561 

appropriate to report “p < 0.01” (if k.resamp = 100), or "p < 0.001" (if k.resamp = 1000), etc.  562 

 563 

3.4.1.6 Run the script: source button in RStudio (top right of the edit window) or source 564 

document in the edit menu in the R GUI. (Execution may take some time.) 565 

 566 
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3.4.1.7 When the R busy indicator is no longer displayed, open the output directory- there will 567 

be a table with results of each comparison (median survival, p-values, % median lifespan change). 568 

 569 

REPRESENTATIVE RESULTS:  570 

In the development of any new methodology, it is imperative that the new method recapitulates 571 

accepted results from previous approaches and meets the standard within a field. We have 572 

previously shown empirically that the Replica Set and traditional methods for assaying C. elegans 573 

lifespan produce similar results20. Wild-type C. elegans (N2) maintained at 20 °C typically live 574 

between 20 and 25 days, which we observed with both the traditional (Figure 4A, black line) and 575 

Replica Set approach (Figure 4B, black). Thus, both methods reasonably approximate wild-type 576 

lifespan. It is also essential that a new method has the resolution to accurately quantify changes 577 

between test conditions and the statistical power to detect significant changes. In our previous 578 

study, we discovered that the Myc family of transcription factors are determinants of C. elegans 579 

longevity. mml-1 and mxl-2 encode the C. elegans homologs of mammalian Mondo 580 

A/Carbohydrate Response element binding protein (ChREBP) and Mlx, respectively. In both C. 581 

elegans and mammals, these Myc-family members heterodimerize to regulate transcription. We 582 

found that loss of either mml-1 or mxl-2 significantly decreases normal lifespan, as measured by 583 

either a traditional lifespan assay or by Replica Set (Figure 4A-B, yellow and maroon). In contrast 584 

to the MML-1::MXL-2 complex, we found that loss of either mdl-1 (homologous to mammalian 585 

Mad) or mxl-1 (Max) significantly increased C. elegans lifespan as measured by either 586 

methodology (Figure 4 purple and blue, respectively, in both panels). 587 

 588 

A serious limitation to the traditional approach for measuring longevity is throughput. Both 589 

methods rely on movement to call whether an animal is alive or dead, which becomes 590 

increasingly difficult to assess. Young animals will move throughout a plate in the absence of 591 

stimuli and are thus easy to score. Aging C. elegans become increasingly sedentary but will 592 

respond to a light touch to the head by a reversal movement on a plate. However, as animals 593 

become older the ability to move backward diminishes and becomes increasingly uncoordinated. 594 

Ultimately animals become paralyzed, a phenotype strongly resembling sarcopenia, and when 595 

scoring via the traditional method viability can only be determined by observing subtle twitch at 596 

the extreme anterior tip of the animal. In contrast, when scoring viability via the Replica Set 597 

method, the liquid is added to the well, which acts as a stimulus that generates a thrashing 598 

response that can be quantified as a readout of healthspan8. Movement in the liquid is easier to 599 

observe for even older animals: chronologically age-matched decrepit animals produce subtle 600 

head movements on dry plates but a more pronounced (albeit slow) body bend in liquid. Finally, 601 

when scoring Replica Set, the whole well is within the field of view (approximately 1.1 cm in 602 

diameter) and all animals are in suspension- allowing observation of all animals simultaneously. 603 

In contrast, when scoring a 6 cm plate via the traditional method, one must scan across the entire 604 

plate -searching through the bacterial lawn and along the edges for animals. The net 605 

consequence of these differences is that the throughput when using the Replica Set method is at 606 

least an order of magnitude greater than the traditional approach, which makes it possible to 607 

simultaneously quantify changes in lifespan across more than 100 conditions in a single 608 

experiment with one investigator. For example, from a genome-wide feeding-based RNAi screen 609 

we previously identified 159 genes that were necessary for the increased lifespan conferred by 610 
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decreased daf-2/insulin-like signaling8. In that analysis, we quantified the changes in lifespan in 611 

wild-type, a long-lived daf-2(e1370) mutant, and short-lived daf-2(e1370);daf-16(mgDf47) 612 

double mutant animals (Figure 5A), which allowed us to decipher the genetic relationships 613 

between insulin-like signaling and over 100 progeric gene inactivations. Further, we assessed 614 

how these progeric gene inactivations altered healthspan (at the time called “activespan”) by 615 

observing the decline in C. elegans thrashing across replicates over time (Figure 5B). 616 

 617 

FIGURE AND SUPPLEMENTAL FILE LEGENDS:  618 

Figure 1. The advent of feeding based RNAi lead to an era of gene discovery in aging research, 619 

yet most gerogenes remain poorly studied. (A). Many gerogenes were initially discovered from 620 

large scale functional genomic screens. Of the more than 900 C. elegans gerogenes discovered 621 

to date, many were identified using feeding-based RNAi, highlighting the value of functional 622 

genomic approaches in gene discovery. The graph shows the number of gerogenes discovered 623 

per manuscript using RNAi, based on phenotype annotation (See Table of Materials) for 624 

phenotype ontology terms extended life span, shortened life span, and life span variant. See 625 

Supplemental File 1 for the full list of studies that discovered gerogenes. (B). Most gerogenes 626 

remain poorly studied. In contrast to well-studied gerogenes like daf-16/FOXO (arrow), which has 627 

more than 800 references, the majority of gerogenes have fewer than 10 references (general 628 

reference- not necessarily focused on lifespan). Reliable high-throughput methods will be 629 

essential to derive deeper insight into the genetic inter-relationships between gerogenes. The 630 

graph is based on mappings between publications in PubMed and the C. elegans gerogenes 631 

discovered from RNAi phenotypes. See Supplemental File 2 for the full list of gerogenes and 632 

number of studies associated with each. 633 

 634 

Figure 2. The Traditional and the Replica Set Method for scoring C.elegans lifespan (A). The 635 

Traditional Method for scoring C. elegans lifespan. Several small synchronized populations of 636 

isogenic animals per condition are followed over time. The same population of animals is 637 

followed throughout the study course. Viability is assessed by movement, which may be 638 

stimulated by gentle prodding. Animals that fail to move are scored as dead and are removed 639 

(aspiration shown) until no viable animals remain. (B). The Replica Set Method for scoring C. 640 

elegans lifespan. A large population of age-synchronized isogenic animals are distributed across 641 

a number of identical replicate plates. At each time point, a single replicate is scored: a mild 642 

buffered solution (M9) is added, which stimulates movement. Animals that fail to move 643 

spontaneously after flooding wells are also assessed via touch stimulus. The scoring duration for 644 

the experiment is determined prior to the start. Each animal is scored only once and longevity 645 

for the larger population is derived from many independent observations. (C). The Replica Set 646 

approach is a high throughput method to quantitatively measure C. elegans lifespan. 100 or more 647 

independent RNAi clones can be tracked simultaneously. HT115 E. coli expressing dsRNA for a 648 

given RNAi clone is shown. Practically, every 24 samples from the 96-well plate are divided into 649 

a single 24-well plate. Each resulting 24-well plate has a negative (i.e. empty vector, red well) and 650 

positive control (green well) randomly distributed within a collection of RNAi clones (yellow 651 

wells). Typically, the first well (A1) in a collection contains an empty vector.  652 

 653 
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Figure 3. The graphical user interface (GUI). (A). The main plot window interface showing the 654 

default welcome screen. This is what is displayed upon opening the software. Differences in 655 

appearance between platforms should be minimal due to use of a platform-independent 656 

windowing toolkit. (B). Overview of menu options, for the drop-down menus available from the 657 

main plot window. (C). Example plot output for both Replica Set style (left) and traditional Kaplan-658 

Meier style (right) data. The data displayed was collected in independent experiments. Exported 659 

plots do not include pre-plotted axis labels, for maximum flexibility in adding such labels. To 660 

facilitate this, the axes are always divided into increments of 20% for the Y-axis, and increments 661 

of 5 for the X-axis. In this example, axis and line labels (strain/treatment) were added to the saved 662 

plots, using a very simple and common image editing tool. (D). An example of output from the 663 

“TrialView” functionality, allowing for the visual comparison between results of independent 664 

trials for Replica Set style datasets. This plot shows the result between two different trials and 665 

the corresponding pooled results for daf-2 EV(RNAi) (blue, closed circles), N2 EV (RNAi) (black, 666 

closed circles), and daf-2 with daf-16 (RNAi) (red, open diamonds). TrialView allows for quickly 667 

checking for trial-specific data issues that might affect the quality of the fit of the pooled dataset. 668 

 669 

Figure 4. The Traditional and Replica Set methods produce similar results. Loss of either 670 

component of the MDL-1(Mad)::MXL-1(Max) heterodimer increases lifespan. In contrast, loss of 671 

either component of the MML-1 (Mondo/ChREBP)::MXL-2(Mlx) decreases lifespan This figure is 672 

reprinted from20 with permission via a Creative Commons Attribution (CC BY) license (See 673 

Materials). (A). Kaplan-Meier results with the traditional method. (B). Logit curve fit using the 674 

Replica Set method. 675 

 676 

Figure 5. The Replica Set method can decipher genetic interactions based on changes in lifespan 677 

(A) and alterations in healthspan (B) for over 100 RNAi clones simultaneously This figure is 678 

reprinted from8 with permission under the Creative Commons Attribution-Non-Commercial 4.0 679 

International License (CC-BY-NC) (See Materials). (A). Genetic lifespan analysis of progeric gene 680 

inactivations in the context of decreased insulin-like signaling (ILS) (daf-2, x-axis) and in the 681 

absence of daf-16/FoxO (Y-axis), a central transcriptional effector of ILS21. Gene inactivations 682 

with similar functions as daf-16 do not further shorten lifespan in the absence of daf-16 (black 683 

dots). Gene inactivations with functions completely independent from daf-16 shorten both 684 

genetic backgrounds similarly (grey). Gene inactivations where the negative effect on lifespan in 685 

daf-2 > daf-2;daf-16, suggests function in parallel (white). (B). Changes in thrashing rates over 686 

time can derive the average healthspan for many genetic perturbations (x-axis) while assessing 687 

changes in lifespan (y-axis).      688 

 689 

Figure S1. Workflows in WormLife. Illustration of the steps of some guided workflows 690 

(sometimes termed “wizards”). In each of these cases, after the last step in the workflow, the 691 

focus is returned back to the main plot window. (A). The data import workflow for Replica Set 692 

style datasets (B). The data import workflow for traditional Kaplan Meier style datasets. (C). The 693 

workflow for adding lines to a plot for Replica Set style datasets. (D). The workflow for adding 694 

lines to a plot for traditional Kaplan Meier style datasets. 695 

 696 
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Supplemental File 1. Studies that have identified gerogenes. The advent of feeding-based RNAi 697 

led to an era of gene discovery for phenotypes that were not tractable by forward genetics, 698 

including aging. Listed, in the order of the number of gerogenes discovered, are independent 699 

studies that identified genes whose activity altered lifespan. Note that the study that identified 700 

the most gerogenes utilized the replicate set method8. The nature of how gene inactivations 701 

altered lifespan is also indicated: longevity and progeric genes are those that increased or 702 

decreased lifespan when inactivated, respectively. “Life span variant” refers to cases where 703 

directionality of change (i.e. increased or decreased lifespan) was not specified or has not been 704 

curated. Data from WormBase WS262 (January 2018) (See Materials), with the addition of RNAi-705 

treatment lifespan results from 10, which are not yet included in the curated collection of 706 

WormBase RNAi phenotypes. 707 

 708 

Supplemental File 2. The number of studies associated with each gerogene. Most gerogenes 709 

are poorly studied. While some genes, like daf-16/FoxO, have been the subject of much research 710 

attention, more than 400 gerogenes have fewer than 10 associated publications. Data from 711 

WormBase WS262 (January 2018), with the addition of RNAi-treatment lifespan results from 10 712 

which are not yet included in the curated collection of WormBase RNAi phenotypes. 713 

 714 

Supplemental File 3. Preparation of common reagents for C. elegans experiments. (A). Recipe 715 

for standard NGM and RNAi plates. (B). Recipe for M9 buffer and hypochlorite solution. (C). 716 

Preparation of LB +Amp/Tet plates. 717 

 718 

Supplemental File 4. Replica Set example data. An example dataset from a Replica Set lifespan 719 

experiment. This dataset is already formatted to be suitable for import/analysis. Includes two 720 

trials per condition (combination of strain/genotype and RNAi). 721 

 722 

Supplemental File 5. Traditional longitudinal example data. An example dataset from a 723 

traditional longitudinal lifespan experiment, with right-censoring, formatted for ready 724 

import/analysis using Kaplan-Meier survival plot functionality. 725 

 726 

DISCUSSION: 727 

Both the traditional and replica set methods require the synchronization of chronologically aged 728 

animals. We include a method that synchronizes animals using hypochlorite treatment of gravid 729 

adults, where only fertilized eggs with the gravid adult survive treatment. These embryos hatch 730 

in liquid suspension and developmentally arrest at the first larval stage (L1). After seeding L1 731 

animals onto food (e.g. E. coli expressing dsRNA to a gene of interest), animals resume 732 

development. Synchronizing L1 animals by hypochlorite treatment of gravid adults has the 733 

advantage that the leftover unseeded L1 animals can be frozen and stored indefinitely in liquid 734 

nitrogen or a -80 °C freezer. In this way, a sample of each strain at the time of the experimental 735 

setup is preserved, creating a valuable resource for future studies and improving reproducibility.  736 

However, while hypochlorite treatment of gravid adult animals is a common way to obtain 737 

synchronized animals for aging research22, the L1 arrest is a starvation response. Thus, some 738 

laboratories prefer either to allow hatching to occur on plates, or to forgo hypochlorite treatment 739 

altogether and allow a few gravid adults to lay eggs for several hours (i.e. an egg lay). In the latter 740 
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case, parents are removed and the progeny lifespan is followed. To the best of our knowledge, 741 

no obvious differences in lifespan have been reported between animals that were synchronized 742 

in M9, hatched on plates, or progeny from an egg lay. However, given that changes in nutrient 743 

availability are closely linked to changes in lifespan, there is precedence that specific genetic 744 

backgrounds could produce different outcomes between these synchronization approaches. A 745 

more careful analysis is required to resolve this theoretical concern.     746 

 747 

Regardless of the method used to synchronize the starting population, steps must be taken to 748 

either prevent progeny production or to separate the synchronized starting population from 749 

future progeny. In our protocol, we outline how to use FUdR to prevent progeny production, as 750 

separating animals is not a viable option for the replica set method. It is also possible to prevent 751 

progeny production genetically through the use of a feminized genetic background (e.g. fer-752 

15(b26);fem-1(hc17), which is a temperature-dependent sterile strain23). However, neither is 753 

without shortcomings: the use of genetic backgrounds can complicate subsequent analysis, and 754 

in some genetic backgrounds FUdR can alter longevity24–26. 755 

 756 

As an alternative to preventing progeny production through chemical or genetic means, adult 757 

animals can be periodically moved to fresh RNAi plates to isolate them from their progeny. This 758 

simplifies background considerations at the expense of throughput. Periodically moving animals 759 

to fresh food has the additional advantages of preventing possible starvation and renewing 760 

exposure to dsRNA. However, some genetic interactions that influence lifespan were only 761 

discovered when progeny production was inhibited: early analysis of the TGFβ pathway for a 762 

lifespan phenotype erroneously concluded that decreased TGFβ signaling influenced C. elegans 763 

dauer formation but not aging27, 28. However, a follow up study that used FUdR revealed that 764 

decreased TGFβ signaling increased longevity through insulin signaling29. Why did earlier studies 765 

fail to see increased lifespan in TGFβ mutant animals? TGFβ pathway mutations produce a slight 766 

egg laying defect (egl) and extend reproductive longevity, which causes internal hatching of 767 

progeny later in life that kills the parent. It is likely that the long-lived TGFβ mutant animals 768 

appeared to have a normal lifespan because of the egl phenotype killed the animals around the 769 

time when wild-type animals normally die. This might be relevant to other genetic pathways 770 

linked to DR, as starved wild-type animals also manifest an egl phenotype, perhaps as an adaptive 771 

survival advantage to progeny under conditions of low food. This highlights the underlying 772 

complexity in adaptive responses animals undergo under stress conditions, and the need for 773 

careful analysis and consideration when designing lifespan experiments.  774 

 775 

In designing and conducting lifespan experiments by either method it is critical to avoid bias. 776 

Experiments must be conducted in a double-blind manner: how samples were previously scored 777 

at previous time points and the identity of a test condition must be unknown to the 778 

experimenter. Furthermore, it is always necessary to include both positive and negative controls; 779 

in the case of the replica set method, these are randomly inserted into a 24-well plate. E. coli 780 

expressing a plasmid that does not contain an insert with the sequence corresponding to the C. 781 

elegans genome is the empty vector negative control (i.e. “L4440”- See Materials). Positive 782 

controls are dependent on the specific nature of an experiment. For instance, daf-2 encodes the 783 

C. elegans insulin/IGF-1 receptor, and daf-2 inactivation via feeding-based RNAi robustly 784 
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increases lifespan at least two-fold in wild-type animals27. Thus daf-2(RNAi) might serve as a 785 

positive control when looking for gene inactivations that increase lifespan. Conversely, daf-16 786 

encodes the FOXO transcription factor orthologue30. DAF-16 is an essential component of many 787 

longevity paradigms and wild-type animals (N2) treated with daf-16(RNAi) are short lived and 788 

show signs of progeria31.  789 

 790 

The primary advantages of the traditional longitudinal lifespan approach are that it is very well 791 

established, and experiments are easy to set up. Relatively few animals are needed on just a few 792 

plates for each test condition. Thus, strains that grow poorly or require balancers to propagate 793 

can be easily tested. The traditional approach is highly adaptable and can be used with any one 794 

of the available approaches for handling progeny production, including treatment with FUdR, 795 

crossing into a feminized genetic background, or periodically moving adult animals to new plates 796 

during the egg-laying period. While moving animals greatly reduces throughput, working with a 797 

mutant background is never ideal, and although FUdR does not alter wild-type lifespan32–34, it can 798 

affect lifespan and age related phenotypes in some genetic backgrounds35, 25, 24, 26. Note that the 799 

presence of males, even with the use of FUdR, will significantly shorten hermaphrodite lifespan13, 800 

thus a plate that contained males after the hermaphrodites reached L4 is unusable. Likewise, 801 

analysis through the Kaplan-Meier estimator and associated curves, and the log-rank test, is well 802 

established for mortality data. However, there are several disadvantages to the traditional 803 

lifespan analysis. Repeated handling of plates (i.e. exposing the plates to air) facilitates the 804 

introduction of airborne fungal contamination. Additionally, repeated poking can damage or kill 805 

animals, especially as the population advances in age and become fragile. Older animals become 806 

largely paralyzed and mired in E. coli, while E. coli becomes an opportunistic pathogen (colonizing 807 

the lumen and packing the pharynx)36. Very old living animals can only be identified by subtle 808 

head movements. Thus, it is easy to classify a decrepit live animal as dead. Lastly, the traditional 809 

approach is limited by throughput.   810 

 811 

The Replica Set method is high throughput and quantitative. However, the disadvantage of this 812 

method is a larger investment of time and resources in the initial set up. A moderately large 813 

experiment to examine 100 RNAi clones over 20 time points requires 30,000 L1 animals (where 814 

approximately 15 animals are examined per RNAi clone per time point), which while easy for 815 

most strains, can be problematic in some cases. For instance, without a large-particle sorter 816 

(“worm sorter”) strains that must be maintained with balancers or transgenic lines carrying a 817 

poorly transmitted extra-chromosomal array cannot be easily examined by this method. A 818 

second disadvantage is that progeny production must be inhibited, which requires the use of 819 

FUdR or a feminized genetic background. Finally, one must know the length of time the assay will 820 

run, as one must prepare a replica set for each time point at the beginning of the experiment. 821 

However, the advantages of this method are numerous. Foremost, scoring viability is much faster 822 

and one can easily follow animals over 100 test conditions simultaneously (i.e. RNAi clones). Since 823 

a replica set is only scored once then discarded, there is no repeated handling of plates or poking 824 

of animals, which minimizes the likelihood of fungal contamination and eliminates mortality 825 

caused by the occasional rough prodding with a worm pick. Furthermore, the addition of liquid 826 

to the well greatly facilitates scoring.  Freeing old animals from the plate and surrounding bacteria 827 

assists in allowing subtle head movements to be more easily scored. Addition of liquid also 828 
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provides the opportunity to measure thrashing rates as a measure of fitness (e.g. healthspan8, 829 
37).  830 

 831 

Aging is a complex phenomenon involving multiple causal mechanisms which require use of 832 

systems biological approaches to unravel. These approaches often incorporate data-driven 833 

modeling, using large volumes of genomic/transcriptomic data, and require complementary 834 

robust and high-throughput methods to measure lifespan and healthspan. The high-throughput 835 

Replica Set method will allow comparison of many RNAi clones longitudinally, while minimizing 836 

batch effects and technical errors, thus facilitating the development of dynamic models that can 837 

infer the interactions between causal pathways in a quantitative manner. Additionally, 838 

integration of several genome-wide genomics approaches with the Replica Set method is feasible 839 

because a large population of age-synchronized animals is divided into a number of small 840 

populations. 841 

 842 

Other methods have been previously developed to improve the throughput of C. elegans lifespan 843 

experiments, often focusing on adapting the traditional longitudinal approach (i.e. following the 844 

same set of animals over time) to automated observation and recording using common flatbed 845 

scanners38, 39, or more specialized equipment such as microfluidic plates40. The scanner-based 846 

approaches use light as a stimulus and compare sequentially captured images to determine 847 

alive/dead status based on movement for multiple plates at one time; while such approaches do 848 

not require proprietary scientific hardware, time involved in setting up the workflows may be 849 

substantial depending on the desired scale. Alternatively, lifespan experiments in custom 850 

microfluidic devices allow for in-depth phenotypic characterization of single animals over time, 851 

and without treatment to prevent progeny, but necessitate fabrication of the microfluidic plates 852 

and acquisition of associated microfluidic pumps and imaging equipment. In contrast, the Replica 853 

Set method, in combination with the software detailed here, allows greatly improved throughput 854 

using tools that are already common in laboratories working with C. elegans.  855 

 856 

The WormLife software will be improved in the future to offer easier access to the statistical 857 

comparison, and compatibility with additional platforms. The most up-to-date documentation 858 

for the software can be found at the GitHub page, including installation instructions for platforms 859 

on which the software has been tested. A web-based version will also be developed to enable 860 

convenient access without the need to install any software. 861 

 862 

In summary, the combination of the Replica Set method and the freely available software 863 

detailed here provides a powerful platform for improving the throughput and robustness of 864 

lifespan experiments and a broad range of survival-based assays (e.g. stress tolerance, toxicology 865 

studies, healthspan, etc.). Particularly when combined with functional genomics, this approach 866 

leverages the many benefits of the metazoan model system C. elegans for deciphering the myriad 867 

of genetic interactions that contribute to the progression of aging. 868 
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