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Abstract 27 

Background: 28 

Variation in body size is thought to be a major driver of a wide variety of ecological and 29 

evolutionary patterns, including changes in development, reproduction, and longevity. 30 

Caenorhabditis inopinata is a recently-discovered fig-associated nematode that is unusually 31 

large relative to other members of the genus, including the closely related model system C. 32 

elegans. Here we test whether the dramatic increase in body size has led to correlated changes in 33 

key life history and developmental parameters within this species. 34 

Results: 35 

Using four developmental milestones, C. inopinata was found to have a slower rate of 36 

development than C. elegans across a range of temperatures. Despite this, C. inopinata did not 37 

reveal any differences in adult lifespan from C. elegans after accounting for differences in 38 

developmental timing and reproductive mode. C. inopinata fecundity was generally lower than 39 

that of C. elegans, but fitness improved under continuous-mating, consistent with sperm-40 

limitation under gonochoristic (male/female) reproduction. C. inopinata also revealed greater 41 

fecundity and viability at higher temperatures. 42 

Conclusion: 43 

Consistent with observations in other ectotherms, slower growth in C. inopinata indicates a 44 

potential trade-off between body size and developmental timing, whereas its unchanged lifespan 45 

suggests that longevity is largely uncoupled from its increase in body size. Additionally, 46 

temperature-dependent patterns of fitness in C. inopinata are consistent with its geographic 47 

origins in subtropical Okinawa. Overall, these results underscore the extent to which changes in 48 

ecological context and body size can shape life history traits. 49 
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Background 60 

Trade-offs dominate life history evolution. Organisms have access to limited energy resources, 61 

and these must be allocated in a balance between self-maintenance and reproductive output. In 62 

keeping with the expectation that different distributions of life history traits (such as age of 63 

maturity, reproductive duration, and age-specific fecundity, among others) should be sensitive to 64 

different distributions of selective pressures on those traits, a huge diversity of patterns among 65 

life history traits has emerged across the broad scope of animal diversity [1-5]. As a 66 

consequence, many organisms exhibit well-documented correlations among traits such as 67 

fecundity and survival [6-8], fecundity and developmental rate [1, 9-11], and reproductive 68 

quantity and quality [12, 13].  69 

Body size is a particularly potent component of life history syndromes. Body size is usually 70 

correlated with a multitude of fitness-related traits including developmental rate, offspring 71 

number, offspring size, gamete size, and lifespan [14-17]. Body size is also known to covary 72 

with physiological traits, such as metabolic rate, thought to underlie trade-offs among life history 73 

traits [15, 17]. These factors in turn generate allometric relationships that appear to explain scale-74 

based trends for a wide variety of traits across many orders of magnitude [15]. Indeed, body size 75 

appears to be a central component of broad macroevolutionary trends among lineages over 76 

geological timescales [18]. But which is cause and which is effect? To what extent does change 77 

in body size due to selection on body size per se lead to collected changes in such a wide array of 78 

life history traits and to what extent does body size change because of selection acting directly on 79 

these traits?   80 

Life history theory suggests that selection for increased body size can be balanced against the 81 

benefits of faster reproduction and the costs of lower offspring viability and lower initial 82 

fecundity [1], weighed against a backdrop of differential allocation of physiological and 83 

metabolic resources to each of these processes and to growth itself [17, 19]. At the same time, 84 

selection on body size itself must be mediated via environmental factors such as resource 85 

availability and/or predation [20]. Although these various causes are not mutually exclusive and 86 

likely overlap, the proximate and ultimate causes of changes in body size change—particularly 87 

the relationship between these two—remain largely unresolved. 88 

The nematode Caenorhabditis elegans has for decades been an important model for genetics, 89 

development, and biology in general [21]. However, the degree and extent of trade-offs between 90 

body size and other life history traits in systems like C. elegans remain largely unknown and/or 91 

have generated somewhat ambiguous or contradictory results [22-30]. Further, because nearly all 92 

known members of this genus share a common natural ecological niche of rotting plant material 93 

[31], it has not been possible to use a comparative approach to investigate how change in 94 

ecological circumstances might drive changes in the relationship between body size and life 95 

history [19]. Here, we address this question by taking advantage of a highly phenotypically and 96 

ecologically divergent close relative of C. elegans: the recently discovered fig-associated 97 

nematode C. inopinata. 98 

C. inopinata (formerly known as C. sp. 34) is remarkable in that it displays tremendous 99 

ecological and phenotypic differences compared to its close relatives [32, 33]. Compared to other 100 

Caenorhabditis, C. inopinata is huge: it can grow to be nearly twice as long as other members in 101 
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the genus [32, 33]. C. inopinata also develops nearly twice as slowly, has sperm three times the 102 

size, and embryos 20% longer than C. elegans [33]. Furthermore, in contrast to the rotting-plant 103 

material ecological niche of C. elegans and other Caenorhabditis species [34], it thrives in the 104 

fresh, intact Okinawan figs of Ficus septica [32, 33, 35]. C. inopinata thus appears to have 105 

experienced a radically different selective environment that has led to its highly divergent suite 106 

of life history traits. And, as C. inopinata is much larger in size and develops much more slowly 107 

than its close relatives, it can therefore be used as a natural system to test the predictions of life 108 

history theory using a comparative approach. Here, we do just this by describing the 109 

developmental timing, lifespan, fecundity, and viability of C. inopinata and C. elegans at 110 

multiple temperatures. 111 
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Results  112 

C. inopinata develops more slowly yet does not differ from C. elegans in lifespan and 113 

reproductive duration  114 

Initial measures of developmental rate revealed that C. inopinata develops about twice as slowly 115 

as C. elegans [33]. To provide a more complete picture of the timing of development in this 116 

species, the occurrence of four different developmental milestones (time of hatching, onset of the 117 

L4 stage, onset of adulthood, and the onset of reproduction) was ascertained at four different 118 

temperatures (15°C, 20°C, 25°C, and 30°C) among synchronized populations of C. elegans and 119 

C. inopinata. Unsurprisingly, all species grew faster as the temperature increased (Figure 1; 120 

Table S1). Yet in conditions where both species grew reliably, C. inopinata was slower to reach 121 

all developmental milestones than C. elegans (Figure 1; Table S1). Indeed, at the typical rearing 122 

temperature of C. elegans (20°C), the median time of reproductive onset was 2.7 days in C. 123 

 
Figure 1. C. inopinata develops more slowly than C. elegans. The y-axis represents the status of having 

attained a given developmental milestone; 0 = yet to reach milestone, 1 = has reached milestone. a) Hatching; 

b) L4, young adulthood, and the onset of reproduction. C. elegans (fog-2) was used for the embryogenesis 

milestone to account for the delay caused by obligate outcrossing in C. inopinata. C. elegans N2 is inviable 

at 30°C, and C. inopinata milestones were not measured at 15°C due to its low fitness at this temperature. N 

worms = 186-960. GLM LRT chi-square p<0.0001 for every C. elegans and C. inopinata comparison. 
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elegans, whereas it was 6.7 days in C. inopinata (GLM LRT chi-square=4861.4, df=2, 124 

p<0.0001). To reach a developmental rate that approaches that of C. elegans at 20°C, C. 125 

inopinata must be reared at a temperature that is ten degrees higher (Figure 1b; Table S1) where 126 

 
Figure 2. C. inopinata is not longer-lived than C. elegans at 25°C after taking reproductive 

mode and developmental timing into account. (a) Total lifespan models. Here, Day = 0 

represents the day embryos were laid. (b) Adult lifespan models. Here, Day = 0 is the 

approximate first day of adulthood, taken as the total lifespan minus two (C. elegans) or four 

(C. inopinata) days. Wild-type C. elegans N2 exhibits both shorter total and adult median 

lifespan than C. inopinata. Conversely, C. inopinata females have a marginally higher median 

total lifespan than non-selfing C. elegans (fog-2) mutant females, and no difference in C. 

inopinata and C. elegans (fog-2) adult lifespan was detected (Cox proportional hazards linear 

model comparison, Z-value=0.74, p=0.73). N worms=263 (C. elegans N2), 281 (C. elegans 

(fog-2)), 444 (C. inopinata).  
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it exhibits reduced fecundity (Figure 4a) and where C. elegans N2 is inviable (Figure 5). Overall, 127 

then, C. inopinata has slower relative growth regardless of temperature. 128 

As slow developing, large animals tend to be longer-lived [1], we were curious if C. inopinata 129 

also exhibits prolonged longevity. To address this, we applied previously established methods of 130 

lifespan measurement in nematodes [36] to C. inopinata. As a point of comparison, we also 131 

measured C. elegans N2 and C. elegans (fog-2) lifespans. As lifespan often trades-off with 132 

reproductive output [37, 38], we used virgin C. elegans (fog-2) pseudo-females (which do not 133 

generate self-sperm and are self-sterile as a consequence [39]) to control for differences in 134 

reproductive mode. C. inopinata females were longer-lived than wild-type C. elegans 135 

hermaphrodites at 25°C, with a median total lifespan that was four days higher (20 and 16, 136 

respectively; Cox proportional hazards linear model comparison, Z-value=4.99, p<0.0001 Figure 137 

2a; Figure S1). However, C. inopinata females were only marginally longer lived than C. 138 

elegans (fog-2) pseudo-females (19 days, Cox proportional hazards linear model comparison, Z-139 

value=2.29, p=0.053). Furthermore, no differences in adult lifespan (which takes into account the 140 

differences in developmental timing between C. elegans and C. inopinata) were detected 141 

between C. inopinata females (median adult lifespan of 16 days) and C. elegans (fog-2) pseudo-142 

females (median adult lifespan of 17 days; Cox proportional hazards linear model comparison, 143 

Z-value=0.74, p=0.73; Figure 2b; Figure S2). Thus, despite its large size and slow development, 144 

C. inopinata adults are not longer-lived than C. elegans after accounting for differences in 145 

reproductive mode and developmental timing. 146 

The duration of reproduction is also expected to trade-off with growth rate and body size [1, 2], 147 

with large, slow-developing animals tending to have longer reproductive periods [9-11]. To see 148 

if this also holds for C. inopinata, daily measures of fecundity were made with individual C. 149 

elegans (fog-2) pseudo-females and C. inopinata females under conditions of continuous mating 150 

throughout their lifetimes (Figure 3). Although one individual C. inopinata female had a 151 

reproductive duration of twelve days, for the most part, both species lay almost all of their 152 

embryos in the first four days of adulthood (Figure 3b). Indeed, under continuous mating 153 

conditions at 25°C, no differences in brood fraction per day could be detected between C. 154 

inopinata and C. elegans with the exception of day eight of adulthood (Wilcoxon rank sum test, 155 

W=528, p=0.041). Thus, like lifespan, duration of reproduction is not extended in C. inopinata. 156 

C. inopinata is sperm-limited and reveals higher fitness at higher temperatures 157 

Brood size also tends to covary with both body size and developmental rate [1, 2], and so 158 

fecundity was measured at four different temperatures in C. inopinata and C. elegans (fog-2) to 159 

address if similar patterns hold in this group (Figure 4). In conditions in which females were 160 

mated with males for just one night, C. inopinata generally displayed far smaller brood sizes 161 

than C. elegans (fog-2), with the exception that C. elegans (fog-2) is infertile at 30°C (Figure 4a). 162 

However, as the male/female species C. remanei is known to generate more progeny when 163 

constantly exposed to males [40, 41], we suspected that C. inopinata might also be sperm-164 

limited. Indeed, under continuous mating conditions, there is no detectable difference in brood 165 

size between C. inopinata and C. elegans (fog-2) (median brood size of 58 and 76, respectively; 166 

Wilcoxon rank sum test, W=484 p=0.62; Figure 4b). However, male mating performance tends 167 

to degrade in selfing species [42], so we also compared the fraction of successful crosses 168 

between C. elegans and C. inopinata (Figure S3). In continuous mating conditions, the fraction 169 
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of failed crosses was higher in C. elegans (0.33, N=30 crosses) than in C. inopinata (0.17, N=30 170 

crosses), although this difference was not statistically significant (Fisher’s Exact Test odds 171 

ratio=2.46, p=0.23). After removing animals that failed to produce progeny, C. elegans (fog-2) 172 

yielded a median brood size that is over twice as large as that of C. inopinata in continuous 173 

mating conditions (145 and 65, respectively; Wilcoxon rank sum test, W=359, p=0.013; Figure 174 

S4). Thus C. inopinata requires constant access to mates in order to maximize its reproductive 175 

output, consistent with its gonochoristic mode of reproduction.  176 

 
Figure 3. C. inopinata has a reproductive duration comparable to C. elegans. (a) Number 

of embryos laid per day. (b) Fraction of lifetime brood laid per day. Bold lines represent 

averages, and dotted bold lines represent ±1 SDM. Thin lines represent individual 

worms. The C. elegans (fog-2) and C. inopinata day two and three brood fractions are 

not statistically different (Wilcoxon rank sum test W=389 p=0.36 and W=553 p=0.13, 

respectively). N parental females=30 for both species. All observations taken at 25°C. 
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When examining the relationship between developmental rate and fecundity, the intrinsic rate of 177 

increase (r) is likely a better measure of fitness than total fecundity (R0) [1, 43]. Under this 178 

approach, fitness is a function of age-specific fecundity and viability, and the age of first 179 

reproduction can highly influence the population growth rate [1]. So although C. inopinata and 180 

C. elegans have comparable brood sizes under continuous mating conditions, they likely differ in 181 

fitness because of their different developmental rates. Indeed, despite their comparable brood 182 

sizes, C. elegans has a rate of increase (r=1.54, 95% CI=1.26-1.72) that is over twice as high as 183 

C. inopinata (r=0.66, 95% CI=0.54-0.74). This difference in fitness is even greater in mating 184 

conditions with just overnight access to males (C. elegans r=2.09, 95% CI=1.88-2.24; C. 185 

inopinata r=0.63, 95% CI=0.55-0.69). Thus continuous access to males is not sufficient to 186 

overcome the detriment to fitness due to slow development in C. inopinata. 187 

In keeping with the other life-history measures, C. elegans was more viable at lower 188 

temperatures and C. inopinata more viable at higher temperatures during early development 189 

(Figure 5). Overall, however, C. inopinata displayed consistently lower embryo-to-adult viability 190 

than C. elegans at 15°C, 20°C, and 25°C (Wilcoxon rank sum test p<0.001 in all comparisons; 191 

Figure 5). No detectable differences in C. inopinata viability were found between 20°C, 25°C, 192 

and 30°C (median viability of 0.84, 0.79, and 0.88, respectively; Wilcoxon rank sum test W=50 193 

 
Figure 4. C. inopinata is sperm-limited. (a) Number of embryos laid in single overnight mating 

conditions at various temperatures. (b) Number of embryos laid in continuous mating or single 

overnight mating conditions at 25°C. The “one overnight mating” data in panel (b) is the same from 

those at 25°C in panel (a). C. inopinata has smaller broods than C. elegans (fog-2) in every condition 

except 30°C (Wilcoxon rank sum test p<0.0001 for 15 and 20°C; W=349, p=0.004 for 25°C; W=575, 

p=0.002 for 30°C). However, there is no detectable difference in C. elegans (fog-2) and C. inopinata 

brood sizes under continuous mating conditions (Wilcoxon rank sum test, W=484, p=0.62). N parental 

females=26-42. 
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p=0.060, W=70 p=0.62; Figure 5), but C. inopinata is less viable at 15°C (median viability of 194 

0.63; Wilcoxon rank sum test p≤0.030 for all comparisons). As C. inopinata fecundity is also 195 

higher at warmer temperatures (Figure 4a), these temperature-specific fitness patterns are 196 

consistent with its subtropical natural context of fresh Okinawan Ficus septica figs. 197 

Discussion 198 

Possibly because it is both obvious and easy to measure, body size variation has been studied 199 

extensively for centuries. The range in body size across the tree of life is so immense as to 200 

demand explanation (21 orders of magnitude [16, 44]), and this incredible diversity has spawned 201 

a vast and rich literature attempting to comprehend its origins and maintenance. One major 202 

conclusion from this research program is that body size is correlated with nearly every trait, such 203 

that long-established relationships between body size and growth, reproduction, and lifespan 204 

underscore a prominent role for body size in the evolution of life histories [14, 15, 44]. Here, we 205 

found that an exceptionally large close relative of C. elegans exhibits slow growth and low 206 

fecundity across a range of temperatures yet is not long lived. Together with the extensive C. 207 

 
Figure 5. C. inopinata has a lower viability than C. elegans. Embryo-to-adult viability at 

four temperatures. C. elegans reveals higher viability in all conditions except 30°C 

regardless of reproductive mode. N observed plates of worms=10-18 per strain per 

condition; N embryos per plate=5-237. 
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elegans literature and the foundations of life history theory, these observations can inform our 208 

understanding of the causes and consequences of large-scale changes in body size. 209 

Developmental timing 210 

It makes intuitive sense that larger organisms should develop more slowly. Being more massive, 211 

presumably more cell divisions and/or biosynthetic reactions must take place for their 212 

construction and it therefore follows that their development should take longer than smaller 213 

organisms. And this intuition bears out across vast phylogenetic distances: from bacteria to 214 

sequoias, body size covaries with generation time [44]. Here, we found that in all temperatures, 215 

C. inopinata grows nearly twice as slowly as C. elegans, consistent with previous observations 216 

(Fig. 1; [32, 33]). Indeed, C. inopinata needs to be grown at 30°C to approach a rate of 217 

development comparable to that of C. elegans when grown at 20°C. Thus, the observation that 218 

this very large species also develops much more slowly than its close relatives is in line with 219 

decades of allometric studies. Further, as cell size is coordinated with cell division decisions in 220 

multiple organisms [45, 46], body size change could occur even in the absence of cell number 221 

change through the modification of cell cycle timing. This may explain the case of C. inopinata, 222 

as previous observations observed no change in cell number despite its large size and slow 223 

development [33]. 224 

However, there are reasons to suspect slow development may not underlie large body size in this 225 

case. It has been argued that the allometric trends observed in birds and mammals cannot be 226 

easily extended to poikilotherms because of difficulties in comparing physiological time due to 227 

rapid change in metabolic rates [16]. More notable is the common observation that 228 

developmental timing can be decoupled from body size in C. elegans. Most mutations in C. 229 

elegans that extend body length do not also slow the rate of growth: only 29% of the genes in the 230 

C. elegans genome known to control body length also promote slower development (Figure S5). 231 

Furthermore, experimental evolution and mutation accumulation studies in C. elegans and C. 232 

briggsae have not generally reported correlated changes in body size and developmental timing 233 

[23, 25, 26, 47]. Thus, it appears that body size and rate of growth need not be strongly coupled 234 

in Caenorhabditis and that the relationship between these traits observed in C. inopinata may not 235 

necessarily be causative. 236 

Instead, the slow growth of C. inopinata may be better understood with respect to its natural 237 

ecological context. C. inopinata is associated with fresh figs and their pollinating wasps [35], 238 

whereas their close relatives tend to proliferate on rotting plant material [34]. And as C. 239 

inopinata animals disperse to new figs via pollinating wasps [35], their life cycle is necessarily 240 

closely tied to patterns of wasp development and emergence. Figs generally take weeks to 241 

develop [48], and although it is unclear how many generations of worms occur within a single 242 

fig, it is reasonable to suspect that the extreme divergence in developmental rate is connected to 243 

its novel natural context. This is consistent with correlations among Ceratosolen fig wasp and C. 244 

inopinata developmental stages that have been found in previous field studies [35]. Future 245 

longitudinal field studies of single fig trees at finer temporal resolution will be required to 246 

determine the relative paces of fig, fig wasp, and nematode development in nature and to test 247 

hypotheses regarding the ecological drivers of heterochrony. 248 

Reproduction 249 
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The relationship between body size and reproduction varies both within and between taxa. In 250 

birds and mammals, larger species tend to have lower fecundities than smaller species [15]. 251 

Conversely, body size appears to be positively correlated with fecundity in insects [49] and 252 

nematodes [50]. C. inopinata was generally found to have lower brood sizes than C. elegans 253 

across a range of temperatures (Fig. 4a), although continuous mating greatly improves fecundity 254 

in C. inopinata (Fig. 4b). The relatively low fecundity of C. inopinata is then incongruent with 255 

patterns of fecundity and body size that have been generally observed in nematodes. C. 256 

inopinata’s gonochoristic mode of development cannot explain its low brood size, as multiple 257 

male/female species of Caenorhabditis have been reported to have higher brood sizes [40, 41, 258 

51-54]. However, the sperm-limited fecundity of C. inopinata (Fig. 4b) is consistent with 259 

previous observations with the gonochoristic C. remanei [40, 41]. It is possible that the evolution 260 

of extreme body size in the case of C. inopinata reveals a trade-off with reproductive output, 261 

wherein resources usually allocated to progeny have instead been shifted to increase self-262 

maintenance and growth. Yet most genes known to regulate body length in the C. elegans 263 

genome do not have a pleiotropic role in brood size (only 28% do; Figure S5). This is also 264 

consistent with experimental evolution studies in Caenorhabditis [23], wherein fecundity and 265 

body size do not necessarily trade-off. So again, the precise causal relationship here bears further 266 

study. 267 

A particularly interesting avenue to pursue is based on the observation that wild bacteria 268 

associated with Caenorhabditis can have both positive or negative influences on fecundity and 269 

growth [55, 56] and that different species of Caenorhabditis are associated with different 270 

microbes in nature [55]. Thus the nutritional environment can have a profound effect on fitness. 271 

The natural microbial food of C. inopinata is currently unknown. As C. inopinata exhibits 272 

reduced gonads in laboratory culture [33], it may be experiencing nutritional deficiencies. The 273 

reduced fecundity of C. inopinata may then reflect a plastic response to an adverse environment 274 

as opposed to a trade-off with increased body size. The potential influence of natural microbial 275 

associates of Ficus septica figs on C. inopinata fitness affords an exciting opportunity for future 276 

research. 277 

Lifespan 278 

Lifespan is often positively correlated with body size, and from an allometric perspective is 279 

usually thought to be regulated by variation in developmental and metabolic rates [15, 17]. And 280 

although the age of maturity is sensitive to selection under a range of trait distributions in life 281 

history theory [1], from an evolutionary perspective it is thought that late-life traits are generally 282 

not subject to selection as its strength falls to zero once reproduction ends [3]. Despite its large 283 

size and slow development, C. inopinata was found to have only a marginally longer lifespan 284 

than C. elegans (Fig. 2). And, when differences in developmental timing and reproductive mode 285 

are taken into account, C. inopinata adult lifespan is not significantly different from that of C. 286 

elegans (Fig. 2b). The lack of lifespan change in this system is consistent with the view that 287 

lifespan is under weak selection, as C. inopinata has experienced dramatic change in many other 288 

traits under its novel ecological context [32, 33, 35]. Indeed, most lifespan-extending mutations 289 

identified in C. elegans have not been associated with pleiotropic effects on body size (Figure 290 

S5). Similarly, experimental evolution studies in C. elegans show no correlated responses in 291 

lifespan upon artificial selection on early fecundity [30] and body size [23]. Additionally, no 292 

relationships between lifespan and fecundity have been found in mutation-accumulation lines 293 
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[22] or among wild isolates [24]. These observations are inconsistent with the antagonistic 294 

pleiotropy explanation of aging, which posits that the greater fitness contribution of early life 295 

survival and reproduction leads to late life deterioration because of negative genetic correlations 296 

of these traits [57]. Rather, lifespan appears to be possibly largely uncoupled from fitness-related 297 

traits in this group, consistent with the unchanged longevity observed in C. inopinata. However, 298 

the nutritional caveats in this system noted in the above interpretation of observed patterns of 299 

fecundity also apply here. It is possible that C. inopinata will be longer-lived under different 300 

rearing conditions, and measurements of lifespan of C. inopinata raised on bacterial food 301 

originating from its natural context need to be performed. 302 

Temperature-dependent patterns of fitness-related traits in C. inopinata 303 

Notably, C. inopinata was more fit at higher than lower temperatures (Fig. 4a, Fig. 5). 304 

Temperature-dependent plasticity of fitness-related traits varies both within and between species 305 

in Caenorhabditis, and these patterns often coincide with ecological context. Within C. briggsae, 306 

there are definable clades that are genetically structured by latitude [58, 59], and these wild 307 

isolates reveal temperature-dependent patterns of fecundity that are consistent with their 308 

geographical origin [60]. Additionally, the tropical species C. nigoni [51, 61] and C. tropicalis 309 

[62] have higher fitness at warmer temperatures. As C. inopinata has only been found in the 310 

subtropical islands of Okinawa [32, 33], its temperature-dependent patterns of fitness are 311 

consistent with these previous observations. And further, the temperatures where C. inopinata 312 

has shown the highest fitness here are comparable to natural Ficus septica fig temperatures 313 

measured in nature [35]. As a close relative of C. elegans, this species is well positioned for 314 

uncovering the genomic bases of temperature adaptation. 315 

Conclusions 316 

Body size is a major driver of evolutionary change in multiple taxa, and changes in body size 317 

often co-occur with widespread change in life history traits. Here, we examined the life history 318 

traits of a large, ecologically-divergent close relative of C. elegans. We found that C. inopinata 319 

develops nearly twice as slowly as C. elegans, revealing a likely trade-off between growth and 320 

body size. Conversely, longevity does not evolve as part of correlated response to selection on 321 

body size in this system, consistent with previous studies and indicative of genetic decoupling of 322 

longevity from other life-history traits. Furthermore, patterns of fecundity in C. inopinata are 323 

also inconsistent with those expected of large nematodes. Hence change in body size alone 324 

cannot predict the evolution of whole suites of life history traits. Future studies that situate these 325 

systems within their natural ecological contexts will be needed to fully disentangle matters of 326 

cause and effect among the traits that constitute life history strategies. Taken together, these 327 

observations reveal that drastic change in ecological context and body size do not necessarily 328 

have an all-encompassing impact on life history syndromes.  329 

Methods 330 

Strains and maintenance 331 

Animals were maintained on Nematode Growth Media (with 3.2% agar to discourage 332 

burrowing) supplemented with Escherichia coli strain OP50-1 for food. The C. inopinata wild 333 

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted September 25, 2018. ; https://doi.org/10.1101/426254doi: bioRxiv preprint 

https://doi.org/10.1101/426254


isolate strain NKZ2 [33] was utilized for all observations in this report. C. elegans N2 and the 334 

obligate outcrossing C. elegans fog-2(q71) JK574 [39] mutant strain were also used for most 335 

comparisons. Notably, C. elegans is hermaphroditic, while C. inopinata is male/female or 336 

gonochoristic. This makes interspecific comparisons problematic. Thus the fog-2(q71) mutation, 337 

which prevents spermatogenesis only in hermaphrodites but promotes no obvious somatic 338 

defects in either sex [39], was used to control for differences in reproductive mode in various 339 

comparisons of life history traits.  340 

Developmental timing 341 

The timing of four developmental milestones (hatching, L4 stage, adult stage/young adulthood, 342 

and the onset of reproduction/reproductive adulthood) was measured at four temperatures: 15°C, 343 

20°C, 25°C, and 30°C. For synchronization, mid-stage embryos (blastula to 1.5 fold stage) were 344 

picked from plates cultured at 25°C to new plates and then shifted to the given rearing 345 

temperature. Plates were then monitored hourly (for hatching) and then daily (for L4, young 346 

adulthood, and reproductive adulthood) for the onset of developmental milestones. Male tail and 347 

female/hermaphrodite vulva morphologies were used to define L4 and young adult stages. The 348 

onset of reproduction was scored only among females and hermaphrodites by the presence of 349 

embryos in the uterus. Plates were assayed until the number of individuals at or older than a 350 

given milestone did not increase for two hours or days. Animals who failed to reach a given 351 

milestone were not used for subsequent analysis. For analysis, animals were plotted by their 352 

developmental status (“0” = yet to reach milestone; “1” = reached milestone) over time and 353 

logistic regression was used to estimate the median time to a given event via the “glm” function 354 

(using a binomial distribution) in the R statistical language. This models approach was used for 355 

hypothesis testing and for calculating 95% confidence intervals (see Additional File 2). 356 

Lifespan 357 

Synchronized animals were generated by allowing gravid females/hermaphrodites (20 C. elegans 358 

hermaphrodites or C. elegans fog-2(q71) pseudo-females per plate; about 100 C. inopinata 359 

females per plate) to lay for 2-3 hours. After a few days, synchronized L4 virgin 360 

females/hermaphrodites were moved to new plates, with about 30 nematodes per plate. All 361 

animals were transferred every day for the first 4-5 days of adulthood as hermaphrodites 362 

reproduced. Subsequently, animals were scored every 1-3 days as either living or dead up until 363 

the point that all animals had died. All measurements were performed at 25°C. The number of 364 

days alive after egg-laying was taken as the measure of total lifespan. Adult lifespan was taken 365 

as the total lifespan minus two (C. elegans) or four (C. inopinata) days, as C. inopinata develops 366 

about twice as slowly as C. elegans. Statistical analyses were performed as in [36], with the 367 

survival package for the R statistical language being used to generate survivorship curves and the 368 

coxme package being used to generate Cox proportional hazard models and perform hypothesis 369 

tests (see Additional File 2). 370 

Fecundity 371 

Daily offspring production was measured following overnight mating and under continuous 372 

exposure to males. For all observations, L4 C. inopinata NKZ2 and C. elegans fog-2(q71) 373 

animals raised at 25°C were isolated and raised for one (C. elegans) or two (C. inopinata) days 374 
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to adulthood (see above). For overnight mating, single adult females/pseudo-females were 375 

shifted to the given experimental rearing temperature and mated with six males overnight. Brood 376 

sizes were measured at 15°C, 20°C, 25°C, and 30°C. The next day males were removed. Every 377 

day, embryos and larvae were counted, and egg-laying females were moved to new plates. New 378 

progeny were scored until females stopped laying for at least one (C. elegans) or two (C. 379 

inopinata) consecutive days. Continuous mating conditions were similar, except that single 380 

females were always in the presence of six males. Males that crawled up the side of the plate or 381 

otherwise died before the female stopped laying embryos were replaced with young adult males. 382 

The continuous mating observations were performed at 25°C. The instantaneous rate of natural 383 

increase [1] was calculated with Python as in [63] using life tables for C. elegans and C. 384 

inopinata constructed from the viability, fecundity, and lifespan data developed here (see 385 

Additional File 3). 386 

Embryo to Adult Viability 387 

Nematode embryos were synchronized by allowing gravid females/hermaphrodites (20 C. 388 

elegans hermaphrodites or C. elegans fog-2(q71) pseudo-females per plate; about 100 C. 389 

inopinata females per plate) to lay for 2-3 hours. After the parents were removed, the number of 390 

embryos per plate were counted, and the plates were shifted to their respective rearing 391 

temperatures (15°C, 20°C, 25°C, or 30°C). L4 and adult worms were counted 4-5 days later. 392 

This fraction of mature worms/initial worm embryos was reported as the viability. 393 

 394 
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