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13 Abstract

14 Most ectotherms obey the temperature-size rule, meaning they grow larger in a colder
15 environment. This raises the question of how the interplay between genes and temperature
16  affect the body size of ectotherms. Despite the growing body of literature on the physiological
17 life-history and molecular genetic mechanism underlying the temperature-size rule, the
18 overal genetic architecture orchestrating this complex phenotype is not yet fully understood.
19 One gpproach to identify genetic regulators of complex phenotypes is Quantitative Trait
20 Locus (QTL) mapping. Here, we explore the genetic architecture of body size phenotypes, in
21 different temperatures using Caenorhabditis elegans as a model ectotherm. We used 40
22 recombinant inbred lines (RILs) derived from N2 and CB4856, which were reared at four
23 different temperatures (16°C, 20°C, 24°C, and 26°C) and measured at two developmental
24  stages (L4 and adult). The animals were measured for body length, width at vulva, body
25 volume, length/width ratio, and seven other body-size traits. The genetically diverse RILs
26 varied in their body-size phenotypes with heritabilities ranging from 0.20 to 0.99. We
27  detected 18 QTL underlying the body-size phenotypes across all treatment combinations, with
28 the mgority clustering on Chromosome X. We hypothesize that the Chromosome X QTL
29  could result from a known pleiotropic regulator — npr-1 — known to affect the body size of C.
30 elegans through behavioral changes. In conclusion, our findings shed more light on multiple
31 loci affecting body size plasticity and allow for a more refined analysis of the temperature-

32 sizerule

Page 2 of 29


https://doi.org/10.1101/2021.04.21.440777
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.04.21.440777; this version posted May 1, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

33 Introduction

34 The body temperature of ectotherms such as invertebrates and fish are negatively
35 correlated with their ambient temperature, where warmer environments result in smaller
36  body-size. Besides body-size, the ectotherms' life-history traits are also strongly affected by
37 temperatures. Phenotypic plasticity (the phenotypes that can be expressed by a single
38 genotype at different environmental conditions) due to temperature changes has been studied
39 widely for many different ectotherms, including evolutionary, ecological, physiological, and
40  molecular investigations. In particular, body size plasticity has been studied well, aiming to
41 understand why ectotherms grow larger at lower temperatures, a process caled the
42  temperature-size rule (Angilletta & Dunham, 2003; Atkinson 1994). Atkinson 1994 gathered
43  results on the temperature-size rules phenotype in ectotherms from extensive number of
44  studies and showed that 83% of the studies described that colder temperature resulted in
45  significantly bigger body size. Although allelic variants and genes have been found that play
46 animportant role in body size plasticity, the genetic architecture underlying this phenomenon
47 isnot fully uncovered yet.

48 Nematodes are not exceptional to this phenomenon. For instance, the nematode
49  Caenorhabditis eegans, showed a 33% larger body size when grown a 10°C compared to
50 nematodes grown at 25°C (Van Voorhies, 1996) and other temperatures (i.e 24°C) (Gutteling
51 et al., 2007; Kammenga et a., 2007). Part of this phenotypic variation in lower-temperature-
52  dependent body size was caused by natural genetic variation in the calpain-like protease tra-3
53 (Kammenga et al., 2007). Overall, C. elegans is an attractive organism for studying the
54 genetics of plasticity to temperature. Its small genome, rapid life cycle (3.5 days at 20°C),
55  genetic tractability, and a wealth of available experimental data have made this nematode a
56  powerful platform to study the genetics underlying complex traits (Gaertner & Phillips, 2010;

57 L. B. Snoek et al., 2020). Besides, C. eegans can be maintained completely homozygous,
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58  produce many offspring (200-300 offspring per self-fertilizing hermaphrodite), and can be
59  outcrossed with rarely occurring males (Petersen et al., 2015; Sterken et al., 2015; Gaertner &
60  Phillips, 2010). Furthermore, there are many temperature-related trait differences between two
61  widely used divergent strains: N2 and CB4856. More specificaly, studies reported that
62 CBA4856 and N2 differed in their response to temperatures in several life-history traits such as
63 time to maturity, fertility, egg size, body size, lifespan, and also in gene expression
64  regulation (Gutteling et a., 2007; Gutteling et al., 2007; Jovic et al., 2017; Kammenga et a.,
65 2007; Li et al., 2006; Rodriguez et al., 2012; Vifiuela et al., 2011). Despite these findings, we
66  still do not have a full overview of the loci that affect plasticity at a larger range of different
67  temperatures.

68 To further elucidate the genetic architecture of temperature affected body size
69  plasticity in C. elegans, we selected 40 RILs derived from N2 and CB4856 parents (Li et a.,
70  2006) to study the plasticity and genetic regulation of body-size traits (body-size and some
71 interna organs size) under four temperatures and two developmental stages. First, we sought
72 to investigate the effect of temperature and developmental stages to the genetic parameters
73 (heritability and transgressive segregation) and correlation of the body-size traits.
74 Subsequently, we investigated the genomic regions underlying these body-size traits across
75  temperature-developmental stage combinations. We found 18 QTL of body-size traits. Many
76  of the QTL for different traits colocalized at the same position within temperatures suggesting
77 a pleiotropic effect or close linkage. Moreover, we found colocalizing QTL across

78  temperatures indicating a possible temperature sensitive regulatory mechanism.
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79  Materialsand methods
80
81 Mapping population
82  The mapping population used in this study consisted of 40 RILs from a 200 RIL population
83  derived from crossing of N2 and CB4856. These RILs were generated by (Li et al., 2006) and
84  most were genotyped by sequencing, with a genetic map consisting of 729 Single Nucleotide
85  Polymorphism (SNP) markers (Thompson et al., 2015). The strain names and genotypes can
g6  befoundin Figure S1.
87  We found that long-range linkage, between markers on different chromosomes, was not
88  present in the population, by studying the pairwise correlation of the genetic markers in the
89  used population (Figure S2).
90
91  Cultivation and experimental procedures
92  C. elegans nematodes were reared following standard culturing practices (Brenner, 1974).
93 RILs were kept at 20°C before experiments and three days before starting an experiment a
94 starved population was transferred to a fresh NGM plate. An experiment was started by
95  bleaching the egg-laying population, following standard protocols (Brenner, 1974). From that
96  point onward, RILs were grown at four different temperatures: 16°C, 20°C, 24°C, or 26°C. At
97  two time-points of developmental stages (L4 and adult) per temperature, microscope pictures
98 (Leica DM IRB, AxioVision) were taken of three nematodes per line per temperature that
99  were mounted on agar pads. The timepoints were chosen such that L4 and young adult
100 nematodes were photographed. The exact times are indicated in the sample data file (Table
101 Sl).
102

103 Trait measurements and cal culations
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104 The number of RILs subjected to treatments per developmental stage was 40, except for
105 treatment of temperature 24°C at L4 stage, where 39 RILs were used. Per life-stage and
106  temperature we took measurements of 3 replicate individuals per RIL, and 6 replicate
107  individuas of the parental lines N2 and CB4856 (from two independent populations). This
108  resulted in 1056 pictures.

109 To quantify traits, the pictures were loaded into ImageJ (version 1.51f) and traits were
110  manually measured. In total, nine body-size traits were measured: (i) body length, (ii) width at
111 vulva, (iii) length of the pharynx, (iv) width of the pharynx, (v) length of the isthmus, (vi)
112 length of the bucca cavity, (vii) length of the procorpus, (viii) surface postbulb, and (ix)
113 surface nematode. To convert the measurement data from pixels to milimeters (mm), afigure
114  of scale (in mm) was loaded to imagel. Subsequently, the resolution of C. elegans picture and
115  the scale picture were equalized. Next, in ImageJ we determined how many pixels were
116 represented by 0.1 mm. This step was repeated 10 times and the average value was taken as
117 standard conversion scale from pixels to mm. We also calculated body volume (assuming the

118  nematodes body resembles atube) as

Lvulva

Vbody = ﬂ*( 2 )*Lbody

119  and the length/width ratio (L/W ratio) as the ratio of body length/width at vulva. For none of
120  the traits we have a complete dataset due to difficulties in obtaining accurate measurements,
121 the number of missing values for each trait are as follows: body length = 67; width at vulva =
122 102; length pharynx = 76; length isthmus = 220; surface postbulb = 219; surface nematode =
123 232; length buccal cavity =193; length procorpus = 242; body volume = 135; width pharynx =
124  65; length/width ratio = 135.

125 For QTL mapping purposes, we defined the phenotypic plasticity of al traits as ratio
126 between the trait mean value a 16°C to 20°C, 20°C to 24°C, and 24°C to 26°C. All raw data

127  can befoundin Table S2.
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128
129  Analytical Software Used

130  Phenotypic data was analyzed in “R” version 3.5.2x64 using custom written scripts (R core
131 Team 2017). The script is accessible via Gitlab:

132 https://git.wur.nl/published _papers/maulana 2021 4temp. R package used for organizing data

133 was the tidyverse (Wickham et a., 2019), while all plots were made using ggplot2 package
134  (Wickham, 2011), except for heatmaps in Figure S3 which were made using the “heatmap ()"
135  function provided in R. The data was deposited to WormQTL2 where it can be explored

136 interactively (www.bioinformatics.nl/WormQTL2) (Snoek et al., 2020).

137

138 Genotype-environment interaction

139 All phenotypic data were found to be normally distributed, alowing to perform parametric

140  anaysis on the data. To determine the effect of RIL lines, temperatures, and developmental

141 stages on the phenotypic traits, full threeeway ANOVA was performed, and when appropriate

142  followed by Fisher's LSD posthoc test. The traits were regarded as dependent variable with

143 temperatures, developmental stages, and RILs as factors. Significant differences were

144  determined using p-value < 0.05 threshold.

145

146  Correlation analysis

147 The correlation between the traits in all treatment combinations was determined by the

148 Pearson correlation index and plotted in a correlation plot. To correct for the effect of outliers

149  (effect of very high or low value of single observation), we normalized the data as follows:
Xnorm,i,j =108 (X3 /1)

150  where x is individual observation of the traits in temperature i (16°C, 20°C, 24°C, 26°C)) and

151 developmental stage | (L4, adult) while p is the mean value of all traits.
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152
153 Transgressive segregation

154  To determine transgressive segregation of the traits among RILs panel, we performed multiple
155 t-tests comparing all RIL panel to both parents for all traits per temperature and
156  developmental stages. Transgression was defined when the traits of individual RIL is
157 significantly different than both parents (p.adjust with FDR < 0.05; equal variance not
158  assumed).

159

160  Heritability estimation

161  Broad-sense and narrow-sense heritability of the phenotypic traits over RIL lines was
162  caculated using Restricted Maximum Likelihood (REML) model to explain variation of the
163  traits across the RIL lines (Kang et a., 2008; Rockman et al., 2010). The broad sense
164  heritability was calculated according to the following equation:

165 H? = (Vi / (Vs + Vi)

166  where H? is the broad-sense heritability, Vs is the genotypic variation explained by the RILs,
167  and Veisresidual variation. The Vg and Ve were estimated by the Ime4 model Xnorm ~ 1 +

168  (1|strain) (Bates et al., 2015).

169 Narrow-sense heritability is defined as the total variation in the population which is
170 captured by additive effects. We calculated these using the heritability package in R, which
171 estimates narrow-sense heritability based on an kinship matrix (Kruijer et a., 2014). The
172 kinship matrix was calculated using the kinship function from the Emma package in R (Carta
173 eta., 2011; Villanovaet a., 2011).

174 The significances of broad and narrow-sense heritability were determined by
175  permutation analysis where the traits values were randomly assigned to the RILs. Over these

176 permutated values, the variation captured by genotype and residuals were then calculated.
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177 This permutation was done 1,000 times for each trait. The result obtained were used as the by-
178 chance-distribution and an FDR= 0.05 threshold was taken as the 50" highest value.
179
180  QTL mapping
181 QTL mapping was performed using custom script in R using fitted single marker model as
182 follows:

Hij = X +E
183  where p isthe averaged of al strains replicates in terms of their body size-traitsi, of RIL j (N
184  =40) on marker location X (x=1, 2, 3, ...., 729).
185 Detection of QTL was done by calculating a -logio(p) score for each marker and each
186 trait. All the values were normalized as pnorm; ; = log(pi’j) where | is mean value of the
187  traits in temperature i (16°C, 20°C, 24°C, 26°C) and developmental stage j (L4, adult). To
188  estimate empirical significance of -logio(p), the traits were randomly permutated value over
189 the RILs 1,000 times. The permutation was done per environment (temperatures)
190  independently, in a similar way as the QTL mapping. The calculation resulted in a
191 significance threshold with false discovery rate (FDR) = 0.05 at a -logio(p) of 3.4 for QTL

192  detection.
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193  Results

194 C. elegansbody sizetraitsvary across temperatures and developmental stages

195 To investigate the impact of different genetic background, ambient temperature
196  condition, and developmental stages on the body-size traits, we used a panel of 40 RILs
197  derived from a cross between Bristol strain (N2) and Hawaiian strain (CB4856) (Li et al.,
198  2006). Each individual RIL was grown under four different temperature regimes (16°C, 20°C,
199  24°C, and 26°C). Once reaching the L4 and adult stage, we took pictures of each RIL with
200 three individua replicates per strain and determined the body size parameters using Imagel
201 (Figure 1A; see materials and methods).

202 The eleven body-size traits showed a wide range of variation across RILS, sometimes
203  exceeding their parental strains, suggesting transgressive segregation in the population (Figure
204 1B; Figure $4). We found that body volume of adult wormsin CB4856 did not differ between
205 16°C and 24°C whereas Bristol N2 grew bigger at lower temperatures. This is in agreement
206  with Kammengaet al., (2007) showing that CB4856 body size was less plastic than N2.

207 To get insight into the relations between the traits measured, we performed a
208  correlation analysis for all pairs of traits at the two developmental stages. We found that the
209 level of between trait-correlation differed between L4 and adult stage, where temperature
210  seems to be the main driving factor (Figure S3). Both in L4 and adult stage, the body-size
211 traits displayed a strong positive correlation within the same temperature, and strong negative
212 correlation between different temperatures, suggesting that the variation in the body-size traits
213 were temperature specific. Interestingly, both in L4 and adult stage, the body-size traits of
214 worm grown in 16°C and 26°C were separated into several small clusters, while the traits
215 from 20°C and 24°C treatments formed a single positively correlated cluster. These results
216  indicated that there were more similar patterns of variation over RILs in temperature 20°C and

217 24°C. Strongly correlated body-size traits imply that the same quantitative trait loci could be
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218 detected for these traits due to similar patterns of variation in the RILs, temperatures, and
219  developmental stages. To explore the source of variation of the body-size traits in the RILs
220  population, we used principa component analysis (PCA) (Figure S5). The PCAs describes the
221 variation of the traits based on temperatures and genetic background per developmental stage.
222  Atthe L4 stage, the first principal component captured 45.5% of the variation that mostly due
223 to 16°C temperature, while the second principal component captured 24% of the variation
224 which derived from 24°C and 26°C temperatures. We found that at L4 stage, the RILs were
225  more similar in lower temperature (16°C) while in 20°C, they were distributed across the PC
226  plot. Subsequently, the value of body-size traits of the nematodes at 24°C were similar to the
227  values at 26°C, but divided into two cluster (Figure S5). On the other hand, the individual
228  RILs did not show any clear clusters at adult stage, indicating there was high variation
229  between the RILs as a result of interaction between environment and genetic background of
230 theRILs. Thisresult combined with the correlation analysis show that there was a substantial
231 variationin the RILS, suggesting that it was possible to detect QTL controlling the traits.

232

233  Transgressive segregation and heritability indicate a complex genetic architecture
234 underlying body-size traits

235 Upon inspecting the distribution of trait variation in the RILs compared to N2 and
236  CB4856, we observed high levels of variation exceeding those of the parental strains (Figure
237 1B; Figure $4). This suggests transgressive segregation within the RIL population. Hence, we
238  tested the trait values of each RIL versus the parents. We found transgression for almost all
239  traits per temperature-developmental stage combinations (t-test, p.adjust FDR < 0.05) (Table
240  S3). Our findings show that the number of two-sided transgressive RILs depended on the
241 combination of temperature and developmental stage (Figure 2A Figure 2B; Table S3).

242  Wheresas in the L4 stage the number of transgressive RILs was constant under 16°C, and
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243 20°C, slightly dropped under 24°C — and then increased at 26°C. Conversely, in the adult
244  stage, the number of transgressive strains decreased as the temperature increased. M oreover, it
245  shows that the parental lines have both positive and negative alleles the interact with the
246  environment leading to a more robust/stable phenotype over a broader temperature range.
247 Using ANOVA, we found that developmental stage was indeed the factor driving
248  transgression (p = 0.0275; Table 1) whereas temperature alone showed no relation to the
249  transgression (p = 0.786). These findings indicate environment and age-specific effects on
250 theregulation of body-size traits.

Table 1 Results of ANOVA for the number of transgressive lines over temperatures and
developmental stages.

Source Df SumSg MeanSg Fvaue Pr(>F)
Temperature 3 7.7 255 0.35 0.787
Developmental Stage 1 37.0 37.01 5.13 0.028
Temperature* Developmental

Stage 3 52.3 17.43 241 0.076
Residuals 56 404.4 7.22

ANOVA: Analysis of variance; Df: degree of freedom

251

252 Next, to determine the proportion of variance in body-size traits that were caused by
253 genetic factors, we calculated the broad sense-heritability (H%) of each trait. We found
254  significant heritability (REML, FDR = 0.05) for 81 out of 88 traits in developmental stage-
255  temperature combinations. The significant heritabilities ranged from 0.20 (width Pharynx at
256 20°Cin L4) to 0.99 (width at 16°Cin L4) (Figure 2C; Table $4). Hence, for alarge fraction of
257 traits we could detect a high contribution of genetic factors. In addition to broad-sense
258 heritability, we calculated the narrow-sense heritability (h?) to identify how much of the
259  variation could be explained by additive allelic effects. This analysis suggested that there
260 were 11 traits with significant additive effect (REML, FDR < 0.05; Table $4). For nearly all
261 body-size traits we detected broad-sense heritabilities well beyond narrow-sense heritabilities,

262 indicating arole for epistasisin the genetic architecture of the traits.
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263
Table 2 Results of ANOVA for H? of all traits over temperatures and
developmental stages

F

Source Df SumSgy MeanSq vaue Pr(>F)
Temperatures 3 0292  0.097 235 0.078
Developmental Stages 1 0.019 0.019 0472 0.494
Temperatures* Developmental
Stage 3 0.308  0.103 2.487 0.066
Residuals 80 3308 0.041
ANOVA: Analysis of variance; Df: degree of freedom

264 To understand the contribution of temperature and developmental stage on heritability

265  of al traits measured, we conducted an ANOVA (Table 2). The results suggested a trend that
266  the main factor driving heritability was temperature (p = 0.078) and its combination with
267 developmental stage (p = 0.066). On the other hand, developmental stage showed little
268  relation to the variation of heritability (p = 0.493). In the adult stage, we observed there were
269  four traits (width at vulva, body length, body volume, and surface area of nematodes) which
270  arerelatively robust across all temperatures while in L4 they were found to be more variable
271 across temperature. These four traits ,were affecting each other and observed to be positively
272 correlated (Figure S3). Taken together, overall body-size traits show significant broad-sense
273 heritabilities, indicating a substantial effect of the genetic background on the variation in these
274  traits in this population. Moreover, the correlation between some traits indicate a shared
275  genetic architecture between the traits. These results indicate a higher chance of detecting
276  QTL on the traits measured.

277

278  QTL underlying body-size traits in C. elegans are influenced by temperature and
279  developmental stages

280 To identify underlying loci controlling the variation of body-size traits, we performed
281 QTL mapping for al the body-size traits measured in the 40 RILs. Using log-normalized
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282 mean values per RIL as input, we found 18 significant QTL (-logio(p) = 3.4, FDR = 0.05)
283  with -logio(p) scores ranging up to 6.5 in each temperature and developmental stages (Figure
284 3, Table S5). We found QTL explaining 28-53% of variance among the RILs (Table S5). We
285 found 7 QTL in the L4 stage namely surface area, length pharynx, body length, length
286  procorpus (detected at 20°C), length/width ratio (detected at 20°C and 24 °C), and surface
287  postbulb (detected at 16 °C) . For the adult stage, 11 QTL were detected for the body-size
288  traits. Here, we found QTL evenly distributed over the temperatures: two at 16°C, two at
289  20°C, three at 24°C, and four at 26°C (Figure 3A). Of the 18 significant QTL, eight were
290 located on chromosome X, five QTL on chromosome V, three on chromosome | and two on
201 chromosome V.

292 We observed QTL-hotspots for various traits. For example, the chromosome | QTL
293  (surface area, body volume, and body length) were positively correlated traits, mapped in the
294  same developmental stage and temperature combination. Hence, this could point to a body-
295 size QTL, where the N2 genotype was associated with larger body size compared to the
296  CB4856 genotype (Figure 3B). Interestingly, al QTL on chromosome V were associated with
297 the size of the feeding-apparatus, were found over various temperatures, and were all
208  associated with an increased size in CB4856 (Figure 3A; Figure S6). In contrast, traits related
299  to the overall body size (e.g. volume) were almost exclusively associated with an increased
300 sizeduetothe N2 alele (Figure 3B).

301 In line with the indications of the correlation- and heritability analyses, we found
302 evidence for environment (temperatures), age (developmental stage) and genotype
303 interactions. For example, for length/width ratio (Figure. 3C) in the adult stage, significant
304  QTL in chromosome X were detected for the worms grown at 16°C and 24°C, one QTL on
305  chromosome IV for worms grown at 20°C, and no significant QTL detected at 26°C. When

306 we mapped the trait in adult worms grown at 16°C, we found a significant QTL on
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307  chromosome X which we did not find in the L4 stage at 16°C. The same result was found for
308  QTL at temperature 20°C at adult stage on chromosome 1V which was not present in L4 stage.
309  Similar patterns of (dis-) appearance were observed for many traits (Figure S7). Hence, traits
310 may be regulated by different set of genes (loci) dependent on temperature-environment and
311 developmental stage. This indicates that there is a considerable effect of genotype-
312 environment interactions.

313

314  TheRIL population revealed plasticity QTL for several body-size traits

315 The previous results suggested that QTL affecting body-size traits can be located on
316  different chromosomes when measured in different environment, indicating an environment-
317  QTL interaction. To further understand the mechanism of trait plasticity, we determined trait
318  plasticity using the ratio value of the traits between environments. For QTL mapping, we
319  mapped the platicity by taking the ratio of measured traits from: 16°C to 20°C, 20°C to 24°C,
320 and 24°C to 26°C as the input data. For all three conditions, we found four significant
321 plasticity QTL. Two plasticity QTL were found in the temperature range from 16°C to 20°C,
322 while one plasticity QTL was found in both temperature range of 20°C to 24°C, and 24°C to
323 26°C. The two plasticity QTL in in the range between 16°C to 20°C harbouring a locus
324  associated to width pharynx at adult stage, and length of the procorpus at adult stage. Two
325  QTLs were detected for plasticity in isthmus length (20 °C - 24 °C, adult; 24 °C - 26 °C, L4)
326 (Figure 4A, 4B, 4C; Table S6). Plasticity QTL in the temperature range of 16°C to 20°C
327 related to length procorpus at adult stage has a positive effect of N2 genotype at the peak
328  marker location, whereas the width pharynx plasticity QTL at the same temperature range
329  associated to CB4856 genotype. In temperature range 20°C to 24°C, the plasticity QTL related
330 to length isthmus of the nematodes at adult stage was associated to N2 genotype. In contrast,

331 length isthmus of the nematodes a L4 stage in temperature range of 24°C to 26°C was
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associated to CB4856 genotype. This indicates that temperature-related phenotypic plasticity
of most body-size traits was not governed by alleles with large changes in effect-sizes over
the temperature gradient. Rather, it indicates that in general, temperature-related plasticity is

due to small increasesin loci effects over the course of the gradient.
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336 Discussion

337  Correlation between body-size traitsin C. elegans are temper atur e-specific

338 In most ectotherms, temperature is an important factor driving body size and is related
339  to life history traits (Angilletta & Dunham, 2003; Ellers & Driessen, 2011). This was also
340 found for C. elegans (Gutteling et al., 2007a,b; Kammenga et a., 2007). In this study, we
341 used a C. elegans RIL population to study the underlying genetic regions that regulate the
342  body-size traits, both main body traits (i.e length, width at vulva, volume, length/width ratio,
343  and surface area) as well as internal organs and feeding apparatus (i.e length isthmus, length
344  procorpus, length pharynx, width pharynx, and surface postbulb) in different temperatures at
345  two developmental stages. We found that positive correlation between traits was present only
346  within certain temperatures, not between-temperatures. This result suggests a temperature-
347  and developmental stage specific effect on the correlation among traits which can translate
348  into ashared genetic architecture. A similar phenomenon was reported for body mass and egg
349 sizein C. elegans which correlated positively at 24°C, yet no correlation detected for these
350 traits was reported at 12°C (Gutteling et al., 2007b). Furthermore, these authors also found a
351  negative correlation between egg size and egg number at 12°C but not at 24°C. This is not
352 surprising since developmental stages (age) and temperature are also known to affect the gene
353  expression level in C. elegans that translate into a variation in expression-QTL (eQTL) (Li et
354  al., 2006; Snoek et al., 2017; Vifiuelaet al., 2010).

355 Previous studies have reported the effect of temperatures on genetic correlation of
356  severd life history traits in different species. Norry & Loeschcke (2002) conducted a selection
357  experiment and found a positive correlation effect of lifespan with temperature and sex in D.
358  melanogaster at 25°C where the male flies lived longer. However, this effect was reversed at
359 14°Cin which the male flies were shorter lived. In C. elegans, an 18% of increase lifespan

360  due to heat-shock was reported for CB4856 but not for N2, whereas the RILs showed a wide
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361 range of lifespan variation due to heat-shock (Rodriguez et a., 2012). Our results are in
362 agreement of other previous studies (reviewed in Sgro & Hoffmann, 2004) that different
363  environmental conditions result in a different correlation power, suggesting that evolutionary
364 trgjectories on trade-offs between traits, especialy the traits that are controlled by specific
365 loci, depend strongly on the environmental condition.

366

367  Genetic parametersindicate a complex genetic regulation of body-sizetraits

368 In a population derived from two diverse parents, it is common to detect extreme
369  phenotypes exceeding way beyond the parents (transgression) (Rieseberg et al.,, 1999).
370  Transgression can represent genetic complexity of a trait, for example due to genetic
371 interaction (epistasis) or it could mean that the trait is controlled by multiple loci with
372 opposite effect combinations in the parental strains resulting in a similar phenotype. For
373 example, transgression has been reported for C. elegans life-history traits such as egg size,
374  number of eggs, body length (Andersen et al., 2015; Gutteling et a., 2007b; Kammenga et al.,
375  2007), lifespan (Rodriguez et a., 2012), as well as metabolite levels (Gao et al., 2018), and
376  gene expression (Li et a., 2006). We found transgressive segregation for aimost al traits in
377  temperature and developmental stage combinations, indicating a complementary actions of
378  multiple loci underlying these traits.

379 We then calculated the broad-sense heritability (H?) to investigate the proportion of
380  variance explained by genetic factors in our RIL population. 81 out of 88 body-size traits in
381  temperature-developmental stage combinations were significantly heritable. We found that
382  the heritability of traits was dynamic across different temperatures and developmental stages.
383 Our estimation of broad-sense heritability for adult body length at 20°C (0.51) was similar to
384  an estimation using another N2 x CB4856 RIL panel, reporting 0.57 (Andersen et a., 2014).

385  In addition, the broad-sense heritability of body volume (0.71) and width at vulva (0.76) in
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386 this study are aso similar to (B. L. Snoek et al., 2019), which were 0.77 and 0.75,
387  respectively. Heritability is apopulation trait characteristic and highly depends on the type of
388  population used and environment. Therefore, the fact that we found similar heritability with
389  previous works indicate that the variation if these traits is quite stable between different
390  mapping population. This could also mean that the relative effect of the micro-environment as
391 well as the stochasticity is small. Furthermore, similar patterns of heritability that changed
392 over temperatures (12°C and 24°C) were reported for body mass (volume), growth rate (body
393  length), age at maturity, egg size, and egg numbers (Gutteling et al., 2007a; Gutteling et al.,
394  2007b). The heritability found in our study for body volume and body size were higher, but
395  with the same pattern, where colder temperature resulted in a higher heritability, meaning that
396  the effect of microenvironment or stochasticity isless compared to warmer temperature.

397 We found heritability was less variable in the adult stage compared to L4. This may be
398  because the worm atL4 grow relatively faster which causing more variation between
399 individuals. Yet, analysis of variance on the heritability showed that temperature was the most
400 influential driver of heritability. At L4 stage, temperature 16°C and 26°C seemed to lead to a
401 higher heritability value, whereas this pattern was not observe at adult stage. Despite the
402  dynamics of heritability across temperature, we found some traits with robust heritability
403  across temperature in adult stage namely width at vulva, body volume, body length, and
404 surface area of the nematode. These traits were also strongly positively correlated in all
405  temperatures. This means, the genetic loci underlying these traits might not be greatly affected
406 by temperature changes which based on the QTL profile in Figure S7 is the case.

407

408  QTL mapping revealed genetic-environment interaction underlying body-size traits

409 By QTL mapping, we found 18 significant QTL for 88 temperature and developmental

410  stage combinations regulating body-size traits. Here, we showed QTL of some the traits were
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411 colocalized in the same location in chromosome. For example, body length and surface area
412 of the nematode in L4 stage at 20°C shared the same genomic region on the left arm of
413 chromosome X. Similarly, the QTL for volume, body length and width at vulvain adult stage
414  at 26°C shared the same location at chromosome I. This is expected since these traits have
415  strong positive correlation. All the colocalized traits showed the same QTL effect where N2-
416  derived loci were associated with an increasein size. It is possible that such co-localized QTL
417 were the result of a single pleiotropic modifier affecting various aspects of the C. elegans
418 physiology. On the other hand, this might be the result of unresolved separate QTL (Dupuis &
419  Siegmund, 1999; Gutteling et a., 2007b; Sterken et a., 2020).

420 Some of our QTL matched previous work. As body length at 20°C has been
421 investigated across multiple studies, we used it to cross-reference our mapping. The same
422  location (chromosome X: 4.9 Mb) was mapped in two other studies (Andersen et a., 2014,
423 Andersen et al., 2015). Furthermore, many QTL located in left arm of chromosome X were
424  associated with body length, indicating the aleles controlling these traits might the same or
425  linked with alleles of body length. In other study, using a multi-parent RIL, it was found that
426 loci located in the same position (chromosome X around 4.5 to 5Mb) was associated with
427  length/width ratio which is also related to body length (Snoek et al., 2019). For the same trait,
428  (Snoek et al., 2014) found the QTL in different chromosome (i.e chr 1V), meaning that our
429  study hasthe power to reveal previous undetected QTL.

430 These QTL in chromosome X overlapped with the location of the Neuropeptide
431 receptor 1 (npr-1) allele, which encodes the mammalian neuropeptide Y receptor homolog.
432 This allele is a known pleiotropic regulator affecting traits such as lifetime fecundity, body
433  sSize, and resistance to pathogens mediated by altered exposure to bacterial food (Andersen et
434  al., 2014; Nakad et al., 2016; Reddy et al., 2009; Sterken et a., 2015). The npr-1 allele affect

435 body-size traits by changing feeding behaviour pattern of the worm due to oxygen
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436  concentration that resulted in different food uptake. CB4856 genotype with the ancestral npr-
437 1 gene aggregated in low oxygen condition (10%) at the edge of bacterial lawn, that made
438  them underfed and starved. In contrast, the N2 genotype with npr-1 mutation spread out
439  across bacterial lawn with oxygen concentration 21%, thus has more food compared to
440  CB4856 worms (Andersen et al., 2014; Reddy et a., 2009). Moreover, 7 out of 8 QTL that
441  colocalized in chromosome X has an increase size that are associated with N2 genotype,
442  which support our hypothesis that those seven trait are npr-1 regulated.

443 Although not significant, we found potential QTL of body volume and width at vulva
444  of adult nematode at 20°C and 24°C on the left arm of chromosome IV (Figure S7) which
445  overlapped with QTL identified previously for body volume by (Gutteling et al., 2007b;
446  Kammenga et al., 2007) at 24°C using a larger population of RILs, also in chromosome X at
447  20°C using multi-parental RIL (Snoek et a., 2019). These results indicate that these QTL
448  represent robust and predictable genetic associations with temperature and size.

449 From 18 significant QTL, 9/18 (50%) were transgressive and six of the transgressive
450 traits were found in L4 stage. In addition, 15/18 (83%) of the QTL had moderate to high
451 heritability (> 0.3). These findings indicate a highly complex genetic regulation of many
452 body-size traits that could involve multiple interaction of different genetic variants. This was
453  supported by the higher value of broad-sense heritability compared to narrow-sense
454  heritability which suggests that the driving factors of most heritable traits were additive loci
455  of opposing effects or genetic interactions.

456

457  Mapping of plasticity incrementsindicates small effect-size changesresult in shifting loci
458 By mapping phenotypic plasticity over adjacent temperatures, we only found four
459  plasticity QTL. We found two QTL over 16°C to 20°C that were related to width pharynx and

460  length procorpus, both in adult stage. On the other hand, we detected one QTL over 20°C to
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461  24°C that was related to length isthmus in adult stage and one QTL over 24°C to 26°C
462  associated to length isthmus at L4 stage. These result suggests that the QTL associated
463  plasticity was environment specific, meaning that the candidate genes in the QTL region are
464  differentially expressed depending on environmental conditions (Gutteling et al., 2007b). We
465  found plasticity QTL of width pharynx at adult stage (Figure 4A) and length isthmus at L4
466  stage (Figure 4C) that were not detected before in the normal QTL mapping using single
467  temperature regime which might indicate a locus regulating the trait's expression over
468  different environmental condition.

469 Interestingly, plasticity QTL of length isthmus at L4 stage (Figure 4C) from gradient
470  changes of 24°C to 26°C with higher size was associated to CB4856 genotype colocalized
471 with length/width ratio QTL at adult stage under 24°C where higher size was associated to N2
472 genotype. Furthermore, we aso found plasticity QTL of length isthmus at adult stage (Figure
473 4B) from gradient changes of 20°C to 24°C colocalized with length pharynx QTL at adult
474  stage under 16°C with opposite genotype effect. These findings may indicate an alelic
475  sensitivity model underlying plasticity mechanism where loci displaying environmentally
476  based all€elic sensitivity (Scheiner, 1993). The fact that these plasticity QTL were colocalized
477  with normal QTL may suggest that the QTL contains loci/allele that is activated when the
478  population in adifferent environment or in an unusual condition (Paaby & Rockman, 2014).
479 Here, we reported the use of 40 RILs derived from divergent strains N2 and CB4856
480 in identifying the genetic parameters of body-size traits. We showed that in different
481  temperatures regimes, heritability of certain traits could change as a result of environmental
482  pressure. We also showed colocalized QTL of different traits in one region in chromosome X,
483 1, V, and IV that indicates a pleiotropic effect or closely linked loci. Furthermore, we found
484  temperature-specific QTL and plasticity QTL which differentially expressed depending on

485  environmental conditions. Follow up study employing the use of near isogenic line or RIAIL
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486  with selection on npr-1 gene need to be performed to confirm the effect of detected QTL on
487  the body-size traits. Together, our result showed the effect of different temperature and
488  developmental stages to the complexity of body-size traitsin C. elegans.

489
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634  FiguresLegends
635

636 Figure 1. (A) Flowchart of experimental overview. A set of 40 RILs were grown a
637  temperature 16°C, 20°C, 24°C, and 26°C. separately, at L4 and adult stage, individual RIL
638  with 3 replicates per RIL were photographed under microscope. Subsequently, the body-size
639 traits of the RILs were determined using Imagel. (B) The mean value per genotype of four
640  C. elegans body-size traits across different temperature and developmental stages. The x-axis
641  represents strains used while y-axis represent the mean value of the individual strainsin their
642  respectivetraits. Both parents are depicted in blue (CB4856) and orange (N2), while the RILs
643  are grey. Treatment combination (temperature x developmental stages) are depicted on the
644 facet abovethe plot box. AD = Adult; 16:AD = Grown in 16°C and measured at adult stage.
645

646  Figure 2. (A) The number of transgressive lines of eleven body-size traits in C. elegans
647  across temperatures and developmental stages. The traits are on the x-axis while y-axis
648  represents the number of transgressive lines based on multiple t-test of traits in each
649 individual lines against both parents (p.adjust FDR < 0.05). Colours represent the
650 temperatures treatment, corresponding to the legend on the right side. (B) The number of
651 transgressive traits found in the RIL population per treatments combination (temperature-
652 developmental stage). The temperature is on the x-axis while y-axis represents how many
653  transgression found within those temperatures. Developmental stages are depicted on the
654 above side of the graph. (C) Broad-sense vs narrow-sense heritability of body-size traits
655  across temperature and developmental stages. On the x-axis are narrow sense heritability and
656  y-axis are broad-sense heritability. Colours represent traits as depicted on the legend at the
657  bottom of the plot. Shapes represent the significant of broad-sense heritability: dots= not
658  significant; triangle = significant. The dashed line is added as visual reference.

659
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660 Figure 3. (A) QTLs found for body-size traits in the 40 RILs. The x-axis represents the
661  position of the QTL in mega base pairs (Mbp) for each chromosome and y-axis displays the
662  corresponding significant QTL. In total 18 QTL were found with -logio(p) score ranging from
663  3.44 to 6.49 (-logi(p) threshold 3.4, FDR = 0.05). Shapes represent genotype effect: dots:
664 CBA4856; triangles. N2. (B) Allelic effects of QTL for body length, body volume, and
665  surface area of the nematode in adult stage at 26°C at the pek marker location. RILs that have
666 N2 marker at thislocus relatively have bigger body size compared to those that have CB4856
667 marker. The genetic variation on chromosome | can explain 30 to 37% of the variation in
668  body length, body volume, and surface nematode at that condition. (C) QTL profile of
669  length/width ratio. The QTL analysis were performed across four temperatures (16°C, 20°C,
670  24°C, 26°C) and two developmental stages (L4 and adult). X-axis displays genomic position
671  in the chromosome corresponding to the box above the line while y-axis represents the -
672 logio(p) score. Box in the right graph show the developmental stages. Blue line represents
673  QTL at 16°C, light blue line at 20°C, orange line at 24°C, and red line at 26°C. Black-dash
674  line represents -logio(p) threshold (FDR = 0.05).

675

676  Figure 4. (A) QTL plot of length procorpus and width pharynx at adult stage in
677 temperature range of 16°C to 20°C. X-axis displays genomic position in the chromosome
678  corresponding to the box above the line while y-axis represents the -log;o(p) score. Black-
679  dash line represents significant -logio(p) threshold 3.0. (B) QTL plot of width pharynx at
680  adult stage in temperature range of 16°C to 20°C. X-axis displays genomic position in the
681  chromosome corresponding to the box above the line while y-axis represents the -logio(p)
682  score. Black-dash line represents significant -logio(p) threshold 3.0. (C) QTL plot of length
683 isthmus at adult stage in temperature range of 20°C to 26°C. X-axis displays genomic

684  position in the chromosome corresponding to the box above the line while y-axis represents
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685 the -logio(p) score. Black-dash line represents significant -logio(p) threshold 3.0. (D) QTL
686  plot of length isthmus at L4 stage in temperature range of 24°C to 26°C. X-axis displays
687  genomic position in the chromosome corresponding to the box above the line while y-axis
688  represents the -logio(p) score. Black-dash line represents significant -logio(p) threshold 4.3
689 (FDR =0.05). Box-plots next to the QTL plotsillustrate the Allelic effects of the QTL at the
690  peak marker location. X-axis displays the genotype while y-axis displays the traits explained

691  inbox-plots.
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