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Abstract

Parents encountering stress environments can influence the phenotype of their offspring in a form 

of transgenerational phenotypic plasticity that has the potential to be adaptive if offspring are 

thereby better able deal with future stressors. Here, we test for the existence of anticipatory 

parental effects in the heat stress response in the highly polymorphic nematode Caenorhabditis 

remanei. Rather providing an anticipatory response, parents subject to a prior heat stress actually 

produce offspring that are less able to survive a severe heat shock. Selection on heat shock 

resistance within the larvae via experimental evolution leads to a loss of sensitivity (robustness) to 

environmental variation during both the parental and larval periods. Whole genome transcriptional 

analysis of both ancestor and selected lines shows that there is weak correspondence between 

genetic pathways induced via temperature shifts during parental and larval periods. Parental 

effects can evolve very rapidly via selection acting directly on offspring.
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1. Introduction

Experimental evolution is a powerful means of testing the effects of new environments on 

organismal traits. For example, when E. coli are moved from one rearing temperature to 

another, they adapt to the new environmental conditions within a few thousand generations 

[1,2]. Such experimental approaches are particularly effective at testing evolutionary 

hypotheses, such as the existence of potential adaptive tradeoffs in performance among 

environments (e.g., [1,3]). While large population sizes and fast generation times have made 

experimental evolution studies using microbes particularly successful (see, for example, the 

many examples in this volume), extending inferences from these studies to many other 

organisms may be somewhat limited, particularly for plants and animals. For example, most 

experimental evolution studies in microbes are initiated using a single clonal individual, 

whereas most plant and animal populations harbor substantial levels of standing genetic 

variation, which undoubtedly plays an important role in the response to selection [4,5]. 

Perhaps the most obvious difference, however, is the fact plants and animals undergo 

complex developmental processes during the transition from single celled egg/seed to a 

multicellular reproductive adult. One consequence of the dramatic difference in size and 

complexity between parent and ovule is the opportunity for differential provisioning of 

offspring with parentally-derived resources such as RNA, yolk, and endosperm. While 

single-celled organisms can definitely differentially provision their daughter cells [6], the 

vast difference in scale between parent and offspring within multicellular organisms prima 

facie means that the opportunity for resource partitioning is likely to be much greater.

The potential role of transgenerational effects in shaping environmental responses and 

evolutionary outcomes has been increasingly incorporated in biological thinking over the 

last few decades [7]. In addition to the direct provisioning of resources described above, 

other parental effects, including parentally-derived intercellular signals and epigenetic 

imprinting of the genome, have been found to shape a wide variety of phenotypic responses 

[8]. From an evolutionary point of view, such effects can be important because they create a 

direct correlation in phenotypes across environments that is not mediated via genetic 

inheritance [9,10]. For example, positively correlated maternal effects across environments 

(e.g., when larger mothers have resources that allow them to produce larger offspring) can 

lead to an acceleration of the evolutionary response at the initiation of selection, as well as a 

“phenotypic overshoot” when selection ceases [9]. In general, although it is clear that 

parental effects are ubiquitous across both plants and animals [11,12] and therefore have the 

potential to influence the response to selection, the extent to which these effects shape the 

dynamics of the evolutionary response within any given population is much less well 

known.

Because parental effects allow the environment experienced by the parents to shape the 

phenotype of the offspring, they can be thought of as a form of transgenerational phenotypic 

plasticity [13]. Perhaps the most interesting outcome of this type of plasticity is an 

“anticipatory parental effect” in which individuals use the environment that they are 

currently experiencing as a cue to either (1) differentially provision their offspring so that 

they are better equipped to respond to that environment or (2) deposit signaling compounds 

(i.e., mRNA or proteins) that alter gene expression within the offspring. For example, 
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mothers experiencing a stressful environment might provide signals in their eggs that lead to 

increased production of stress-response proteins within the offspring [14]. In the case of 

stress responses, anticipatory parental effects could be characterized as “anticipatory 

hormesis,” in which sub-lethal exposure to a stress by parents increases the ability of their 

offspring to resist later exposures to that same stressor (sensu [15]). However, evidence that 

such anticipatory effects are common is somewhat weak [16], and parents experiencing 

stress may show negative effects on offspring as frequently as positive effects [17]. In 

particular, parental effects may reflect specific adaptations within the parents regardless of 

whether they increase the fitness of the offspring [18].

Experimental evolution provides a particularly powerful platform for investigating the 

evolution of phenotypic plasticity because alterations of individual norms of reaction (the 

functional relationship between environment and phenotype) can be observed directly by 

measuring the response in both ancestors and descendants (e.g., [19]). For example, 

individuals of the nematode Caenorhabditis remanei that have recently been collected from 

nature display much higher survival when exposed to a heat shock of 36.8°C after having 

been raised at 30°C than those raised at 20°C [20]. After ten generations of selection for 

increased heat shock resistance, however, individuals raised at 20°C and 30°C perform 

equally well and are significantly more resistant than their wild-caught ancestors. In other 

words, the importance of pre-exposure to high temperatures as an environmental cue rapidly 

diminished under selection.

Nematodes provide an especially appealing system for the study of experimental evolution 

in animals [21]. While nowhere close to microbes in terms of total population size or 

replication rate, the ability to raise hundreds of thousands of individuals within single 

replicates and their 3-4 day generation time stands out relative to other animal model 

systems. Most importantly, like most microbial systems, many nematodes (including C. 

elegans and its relatives) can be revived after being frozen, which allows ancestors and 

descendants to be measured contemporaneously. This ability to revive frozen samples is 

especially critical when looking at phenotypic sensitivity to environmental influences 

because it is formally impossible to distinguish temporal effects from environmental effects 

when separate generations are not tested at the same time.

Here, we examine the influence of the independent effects of both parental and offspring 

exposure to heat stress on later offspring resistance to a lethal heat shock in the highly 

polymorphic nematode C. remanei, both in ancestral populations that were recently 

collected from nature and descendent populations that had experienced ten generations of 

selection for heat shock resistance [20]. In addition to the evolution of the phenotypic 

response to temperature variation, we also examined the underlying genetic basis of the 

response by measuring whole-genome transcriptional differences in all possible 

combinations of parental and offspring environmental exposures. These analyses allow us to 

(1) test for the existence of anticipatory parental effects of the heat stress response, (2) ask 

how these parental effects evolve over time in correspondence with direct selection on the 

offspring phenotype, and (3) determine whether the evolution of the stress response system 

is constrained to particular genetic pathways that suggest either parental or offspring 

mediated effects.
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2. Results

2.1 Parental environment alters plasticity for heat stress resistance

We analyzed three different sets of C. remanei populations for resistance to a severe heat 

shock of 36.8°C following the four possible combinations of parents and offspring being 

raised at 20°C or 30°C. As described in [20], one population was derived from a set of 26 

natural isolates (isofemale lines) a few generations removed from nature, yielding a highly 

polymorphic base population (“ancestor”). The next population was an experimental 

population that was selected for heat shock resistance to 36.8-37.2°C (“heat”) for 10 

generations. Each replicate population comprised 1000-2000 mating individuals. Exposure 

to acute stress occurred either every second generation or when the population produced 

≥24,000 eggs, whichever occurred later (~30 generations total). The final population was 

subject to the same handling as the heat-selected lines, but without an actual heat shock 

(“control”), yielding a total of 30 generations of adaptation to general laboratory conditions. 

Two replicates of the selected lines and four replicates of the control lines were maintained 

[20]. Polymorphism within C. remanei populations ~5% [22-24], so the response to 

selection observed here should be based almost entirely on segregating variation.

For individuals from the recently isolated ancestral population, if parents are raised in 

permissive conditions at 20°C, then exposure to a mild heat stress during larval development 

improved resistance to subsequent heat shock (Fig. 1; F1,21 = 54.15, P < 0.001), which is 

consistent with previous observations [20]. In fact, the plastic response induced by the larval 

worms under stress is sufficient to ensure almost complete survival during subsequent heat 

shock, before any selection for increased stress resistance has even occurred. However, the 

protective effect of larval exposure to 30°C was mediated by an interaction between the 

environment experienced by the parents and embryos (Fig. 1; F1,20 = 32.03, P < 0.001). 

Specifically, if the parents were previously exposed to heat stress at 30°C, then larval 

survival significantly improved when the larvae themselves were raised under non-stressful 

conditions at 20°C (t20 = 2.92, P = 0.009). However, when parents were raised at 30°C, the 

heat shock resistance of larvae reared at 30°C was greatly reduced compared to when 

parents were raised at 20°C. Pre-exposure to heat during the larval period was therefore only 

strongly protective in larvae whose parents were not heat stressed, while being only mildly 

protective for larvae whose parents were.

2.2 Loss of transgenerational plasticity after experimental evolution

In lines selected for resistance to heat shock, sensitivity to both the larval and parental 

environments was lost relative to ancestor and a laboratory-adaptation control (Fig. 1). In 

this population, acclimating the larvae to 30°C prior to heat shock did not provide the 

protective effect observed in the other populations (F1,21 = 1.97, P = 0.175). The loss of 

plasticity (“genetic assimilation”; [20,25]) of the phenotype was observed regardless of the 

environment in which the parents were raised (F1,20 = 2.12, P = 0.161). In each treatment 

combination, survival was at least 80% following heat shock. The lack of environmental 

sensitivity was not simply because the populations were no longer affected by the heat 

shock, as survival had not yet reached the maximum of 100% in any treatment condition in 

the heat-selected line.
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2.3 Gene regulation is influenced by parental environment

Given that the parental environment contributed to differences in heat resistance later in life, 

we hypothesized that the environment experienced in the previous generation would 

influence the regulation of genes prior to heat shock and therefore the differences in 

phenotype across parental environments. In the ancestral population, 480 genes had a 

significant change in expression related to the parental environment, while 3316 genes were 

differentially expressed across larval environments (Fig. 2A; determined using a general 

linear model with a false discovery rate of 0.05). In addition, 189 genes differed in their 

response across larval environments, depending on the prior conditions experienced by the 

parents. Similarly, in the evolved populations, the largest transcriptional effect was observed 

in response to changing larval environments, but somewhat surprisingly a substantial 

number of genes continued to show differences in expression following parental stress (Fig. 

2B,C).

Next, we compared the gene expression changes resulting from the differences between 

parental and larval environments to determine whether the expression differences set up in 

the parental environment would predict the response in the larvae directly. Given that the 

environmental stimulus is temperature for both the parents and the larvae, we predicted that 

we would observe a positive correlation in the regulation of genes across parental and larval 

environments. Surprisingly, the changes in gene expression attributed to parental vs. larval 

effects were not strongly correlated in any of the populations (Fig. 2), and in all populations 

the correlation was slightly negative, rather than positive. If the same genes responded 

similarly to increases in temperature in both parents and offspring, then we would expect a 

strong positive correlation between these responses rather than a weak negative correlation.

3.4 Degradation of parental response through selection

Next, we asked if gene regulation due to each environment was strongly correlated among 

populations. Between the ancestral population and control population, we found that the 

differences in expression due to parental environment in each population were only weakly 

correlated (Fig. 3A-C; R2 = 0.213, P < 0.0001). Between the ancestral population and the 

heat-selected population, the correlation in the transcriptional response was extremely weak 

(R2 = 0.015, P < 0.0001), although all of these correlations are highly statistically significant 

because of the large number of genes involved. Surprisingly, however, the control and heat-

selected populations did show a moderate positive correlation in gene expression changes 

(R2 = 0.449, P < 0.0001), possibly highlighting a role for laboratory adaptation in driving 

the transcriptional changes among populations.

In contrast to the transgenerational influences, the influence of larval environment on 

transcription was strongly positively correlated among all pairs of populations (Fig. 3D-F). 

This pattern confirms the results that we have previously reported for these populations [20]. 

We also examined the changes in expression for several families of heat-shock proteins 

(HSPs), many of which show strong responses to larval heat stress in our populations. The 

HSPs also conformed to the general pattern observed among pairs of populations, and these 

genes tended to be differentially regulated across larval environments in a similar fashion in 

all populations.

Sikkink et al. Page 5

Genomics. Author manuscript; available in PMC 2015 December 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



3.5 Experimental evolution of regulatory pathways affected by heat stress

In C. elegans, several transcription factors are known to be critical regulators of cellular 

responses to stress [26,27]. However, these regulators may not be differentially expressed in 

response to stress themselves, but rather undergo protein modifications to activate them 

under certain conditions. For example, the FOXO transcription factor DAF-16 is a major 

target of the insulin/insulin-like growth factor signaling (IIS) pathway in worms, and is 

responsible for mediating responses to heat and oxidative stress, among others [28,29]. 

DAF-16 is normally localized in the cytoplasm, but in stress conditions, DAF-16 is activated 

and transported to the nucleus, where it regulates transcription of many target genes [30,31]. 

We identified C. remanei homologs of known binding targets of 23 transcription factors 

with known roles in development and homeostasis [32], and tested for significant 

enrichment among the up- and down-regulated gene sets from each population. We also 

tested for enrichment of the heat shock proteins, as this set of genes exhibits a well-

characterized response to increases in temperature in C. elegans and other model organisms.

Not surprisingly, we observed strong enrichment (Fisher's Exact Test, P < 0.002) of HSPs 

that are up-regulated under larval stress (Fig. 4). In addition, the genes up-regulated under 

larval stress were also highly enriched for regulatory targets of most of the transcription 

factors for which binding data was available (Fig. 4), indicating that larval stress had broad 

effects on developmental programs as well as stress response pathways. These effects were 

observed in the evolved populations as well as in the ancestor. The genes significantly 

down-regulated under larval stress tended to be enriched for targets of two transcription 

factors with important roles in mediating stress response: DAF-16 and PQM-1. PQM-1 is a 

C2H2 zinc finger and leucine zipper-containing protein [33]. In C. elegans, PQM-1 is 

responsive to certain types of oxidative stress [33] and, together with DAF-16, is a key 

regulatory target of the insulin-like signaling pathway [34].

In contrast, the genes with increased expression across parental environments only showed 

significant enrichment of targets of two transcription factors. PQM-1 targets were enriched 

in this group, as were targets of ELT-3, a GATA transcription factor that functions during 

hypodermal development in C. elegans [35], which may also function downstream of IIS to 

influence longevity [36], pathogen resistance [37], and osmotic stress response [38]. 

Interestingly, although there was relatively strong enrichment for PQM-1 targets in the 

ancestor and control populations (odds ratio of 4.81 and 3.34, respectively), the heat-

selected population showed no significant enrichment of this group, consistent with a loss of 

transgenerational effects within these populations.

Genes with significant parent-offspring interaction effects were also significantly enriched 

for targets of several of the transcription factors. Targets of PQM-1 and ELT-3 were also 

enriched among this group. In the lab-adapted populations, we also observed enrichment of 

ALR-1 targets, an ARX homolog involved in the development of touch receptor neurons in 

C. elegans [39,40]. BLMP-1 targets were also enriched among the genes with significant 

interactions. While BLMP-1 is an important regulator of developmental timing in C. elegans 

[41,42], it also is expressed in the sensory neurons in the amphids and phasmids [43], and 
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acts downstream of the IIS and TGF-β pathways to trigger the formation of stress-resistant 

dauer larvae and influence longevity [41].

3. Discussion

Organisms are often faced with variable environments and have evolved adaptive strategies, 

such as behavioral or phenotypic plasticity, to cope with changing conditions. In many cases 

not only does the present generation respond to the changing environment, but previous 

generations—parents, grandparents, or even great-grandparents—can influence their 

descendants’ response to future stress [8]. If the parents’ experience accurately predicts the 

conditions their offspring will face, then such transgenerational plasticity can benefit the 

offspring and thereby lead to adaptive evolution [13,18].

While some evidence exists for the transmission of anticipatory plasticity from parent to 

offspring, the general pattern across plants and animals appears to be quite weak [16]. Our 

results highlight at least one reason why this might be the case. It makes intuitive sense that 

parental environment could provide an important cue for offspring environment. Equally 

important, however, the environment experienced by parents has the potential to directly 

influence the parental phenotype, which in turn can influence offspring quality [17,18]. 

Here, we find a complex interaction between parental environment and offspring outcome. 

Parents raised at high temperatures give rise to offspring that fare more poorly when reared 

in high temperatures, whereas the converse is true for parents and offspring raised at more 

permissive temperatures (Fig. 1). In other words, parental exposure to heat stress drastically 

degrades the normally robust hormetic response of larvae that increases resistance to heat 

shock after initial exposure to a mild heat stress. One reasonable explanation for this finding 

is that parents raised at high temperatures experience levels of stress that are sufficiently 

high to not only up-regulate appropriate stress pathways, but also to generate significant 

damage within the parents themselves, leading to the net effect of lowering offspring quality 

in stressful environments. While it is temping to focus specifically on maternal effects in this 

context, it has recently been shown that C. elegans males can transfer mRNA to eggs during 

fertilization [44], providing at least one plausible alternative mechanism. However, more 

likely are direct maternal influences on offspring performance. This could be something as 

straightforward as heat-stressed mothers providing less or lower quality yolk to her eggs or 

heat damage to maternally provided proteins [45], to something more complex such as dis-

regulation of maternal mRNA provisioning to the eggs [46,47]. A more careful analysis of 

the phenotypes of eggs and early stage larvae from stressed parents may provide more direct 

insights into these effects.

Interestingly, the negative effects of stress exposure during the parental generation are lost 

during the response to selection to continued high heat stress during the early larval period 

(Fig. 1). Importantly, at no time during the experimental evolution did the parents 

experience high temperature conditions, as all individuals were reared at 20°C except during 

the brief periods of larval heat shock. Thus the observed change in transgenerational 

plasticity results from a correlated response to direct selection on stress resistance in the 

offspring. A correlated response of this sort could arise from a genetic correlation between 

traits associated with the parental effects and the offspring trait under selection [9]. This 
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overall effect is very similar to the pattern of genetic assimilation for plasticity to 

temperature shifts in the offspring environment (Fig. 1; [20]). One characterization of the 

larval heat shock response is that it became more robust (less variable) to variation in both 

parental and larval environments over the course of selection for increased resistance. Thus, 

transgenerational parental effects have also become “assimilated”, although in the opposite 

direction of larval phenotypic plasticity. Although we have emphasized the negative effects 

of parents exposed to high heat when the larvae also experience high heat, larvae raised at 

lower temperatures whose parents have been raised at high temperatures do in fact perform 

better than worms with no history of exposure to heat. Thus there is some potential for 

additional protection from parental signaling, and consistent regulation of these effects may 

be the source of the assimilated parental response.

What is the underlying functional basis of these responses? The effects could be mediated 

through transcriptional differences or alternative effects. For example, in C. elegans 

maternally controlled sugar deposition and homeostasis in the egg can tradeoff against an 

offspring's capacity to respond to anoxic stress [48] (see also [49]). A parental effect of this 

sort does not necessarily require a transcriptional response of the offspring. Here, 

examination of larval transcriptomes resulting from all possible combinations of parental 

and larval environments for both ancestral and evolved populations yields results that are 

largely compatible with our phenotypic observations. First, as previously observed, there 

was a large transcriptional response caused by the change in larval environment (Fig. 3; 

[20]). This response remains largely consistent even after selection for increased heat shock 

resistance had shifted the pattern of plasticity observed at the whole-phenotype level.

In contrast to the direct effects of the larval rearing environment, a much smaller fraction of 

the genome appears to be involved in the response to differences in parental environment. 

Perhaps most interesting, there is little correlation between the transcriptional response 

observed by shifting the parental environment and that observed by an equivalent shift in the 

larval environment (Fig. 2). This lack of correspondence becomes even more marked after 

ten generations of experimental evolution. Thus the parental and larval responses are largely 

decoupled from one another, which is consistent with our observation of a lack of 

anticipatory phenotypic plasticity for heat shock resistance in the ancestor and the latter 

disappearance of any parental influence in the selection lines. Interestingly, both the control 

and heat shock selected lines actually evolve to become more similar to one another in terms 

of their responses to changes in the parental environment. The cause of this effect is 

currently unclear, but must involve novel adaptation to the laboratory environment.

Analysis of specific genetic pathways that might be involved in these responses yields a 

similar picture. In C. elegans, the heat stress response is known to involve a number of 

interacting neuroendocrine signaling systems [26,27]. One would therefore expect 

differential regulation of stress response pathways in the face of increased temperature 

stress, which we do indeed observe (Fig. 4). Strikingly, however, nearly every biological 

system responds strongly to increases in temperature during the larval period, so this is a 

highly generalized response. In contrast, only a few specific stress response systems appear 

to be induced via transgenerational influences (e.g., PGM-1; [34]). These same systems also 

tend to be implicated in the observed negative interaction between parental and larval 
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temperature effects (Fig. 4). Because the first phases of development are initiated before the 

egg is even laid, it is actually impossible for us to strictly separate parental effects from 

larval effects very early in development. However, the lack of correspondence between the 

parental and larval responses, which are generated just a few hours later in development, 

strongly suggests that these are unlikely to be solely larval responses.

4. Conclusion

While it seems obvious to assume that parents would want to signal to their offspring so as 

to prepare them for the potential of coming stresses, in reality the evolution of this capacity 

depends on the predictability of environmental cues over time and the balance of interests 

between parental and offspring fitness [50]. For natural populations of the nematode C. 

remanei, this balance appears to have swung toward the parents, such that parents that 

experience stressful environments produce offspring that are less capable of responding to 

changes in their environment than parents reared in a benign environment. This lack of 

anticipatory signal is reflected both in the phenotypic response of heat shock resistance and 

in the transcriptional response of the offspring. Selection for increased larval stress 

resistance essentially wipes out any signal of parental influence, as offspring evolve a robust 

resistance to elevated temperatures that is independent of parental influences. 

Transgenerational effects are likely to be important for a wide variety of biological systems. 

It is clear from this work that (1) they should not be assumed to be strictly adaptive and (2) 

they can be rapidly labile to evolutionary change. Experimental evolution coupled with 

comprehensive genomic analyses should be a powerful tool for examining these questions in 

greater depth.

5. Methods

5.1 Experimental evolution

All populations of C. remanei described were maintained on Nematode Growth Medium-lite 

(NGM-lite, U.S. Biological) seeded with Escherichia coli strain OP50 [51]. The ancestral 

population used in this study was created as described previously [20]. Briefly, 26 isofemale 

strains were derived from natural isolates collected in Ontario, Canada. These strains were 

crossed together in a controlled fashion to promote equal genetic contributions from each 

strain, resulting in a genetically heterogeneous cohort that was representative of the natural 

genetic variation within the natural population. The resulting population (C. remanei strain 

PX443) was cryogenically preserved after it was created. Frozen stocks of this ancestral 

population were later thawed for use in experimental evolution and phenotyping assays. 

Experimentally evolved populations were subjected to ten generations of heat shock at an 

average initial temperature of 36.8°C, whereas control populations were maintained in a 

similar fashion, but without being subjected to a heat shock (described in [20]).

5.2 Heat stress response phenotype and parental effects

We used the ancestor, one representative control population, and one heat-selected 

population to test for parental effects on heat stress resistance. Frozen stocks of worms that 

had undergone 10 generations of acute selection were thawed at 20°C and allowed to 

Sikkink et al. Page 9

Genomics. Author manuscript; available in PMC 2015 December 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



recover for two generations prior to phenotyping to minimize effects attributable to freezing. 

In the third generation post-thaw, each population was divided into two different parental 

environments. One subset was maintained in the standard lab environment at 20°C, while 

the remaining worms were transferred to a mildly stressful heat environment at 30°C. When 

a population had produced eggs, worms were stage-synchronized by treating the population 

with a bleach solution [52]. After bleaching, half of the eggs recovered from each parental 

treatment were kept in buffer at 20°C until hatching (approximately 20-24 hours), while the 

remainder were kept at 30°C. This constitutes the “larval environment” for each population. 

Note that the parental environment was also experienced by the embryonic worms (up to 

~30 cells), before the eggs were laid and age synchronization occurs, and thus may have 

induced a combination of parental and embryonic effects on stress resistance. After 

hatching, worms in L1 diapause suspended in liquid buffer were exposed to an acute heat 

shock at an average temperature of 36.8°C as described in [20].

5.3 Statistical analysis of phenotypic results

Heat stress resistance is best interpreted as the proportion of individuals surviving following 

acute heat shock. We assumed that the total number of individuals in each trial was equal to 

the average count from the three control plates from the same line that were subjected to a 

mock treatment. In any case in which the number of surviving worms from the shock 

treatment was greater than this total, the number of survivors was assumed to be equal to the 

total (100% survival). We tested for differences in heat shock resistance using a generalized 

linear model (GLM) implemented in the lme4 package [53] in the R statistical environment 

[54]. Three factors—selection regime, parental environment, and larval environment—were 

tested in the full model, as well as their interactions. We used a logit link function and quasi-

binomial error distribution, to allow for overdispersion in the response variable. In addition, 

we tested for interactions between the parental and larval environments within each 

population separately, using a similar set of reduced models.

5.4 Transcriptional profiling of populations

Tissue samples for transcriptional profiling were obtained from each of the populations that 

were used for phenotyping. Frozen stocks of worms from each population were thawed at 

20°C, and were maintained at that temperature until the population size was at least 200,000 

individuals. At that time, a subset of the population was transferred to a 30°C incubator, 

while the remaining worms were kept at 20°C (the parental environment). Worms were then 

allowed to lay eggs, which were stage-synchronized as previously described by incubating 

for 20 hours in liquid medium without food. Half of the embryos from each parental 

environment developed at 20°C during this stage-synchronization period, whereas the 

remainder developed at 30°C. We defined the larval environment as the temperature 

experienced by the worms during the 20-hour stage-synchronization. After synchronization, 

larval worms were passed through a 20-μm Nitex screen to filter out any unhatched eggs and 

dead adults. Approximately 15 μl of L1 tissue (~100,000 individuals) was flash-frozen in 

TRIzol (Ambion). Total RNA was isolated from tissue samples and Illumina sequencing 

libraries were prepared as described in [20]. For the 20°C parental condition, we collected 6 

replicate samples per larval treatment from at least two independently thawed vials for each 

line. These samples were the same as those previously analyzed in [20]. In the 30°C parental 
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condition, 2 replicate samples were collected for each larval treatment from one of the thaws 

used for the 20°C parental treatment. All samples were sequenced in five lanes on an 

Illumina HiSeq 2000 at the University of Oregon Genomics Core Facility.

5.5 Differential expression analysis

Quality filtering of raw sequence reads was performed using the process_shortreads 

component of the Stacks software package [55,56]. Reads were discarded if they failed the 

Illumina chastity filter, had uncalled bases, or if the sample identity could not be determined 

because the barcode was unidentified. Reads with ambiguous barcodes were rescued if they 

had no more than one mismatch from a known barcode. We aligned all reads that passed the 

quality filters against a new C. remanei reference genome assembled from C. remanei strain 

PX356 (Fierst et al, in preparation) using GSNAP [57]. We used annotated gene models for 

this assembly to guide the alignment of sequence reads across the exon boundaries, but 

allowed GSNAP to also identify novel splice sites. We used the htseq-count tool from the 

Python package HTSeq (http://www-huber.embl.de/users/anders/HTSeq/) to count reads that 

aligned to annotated protein-coding genes. Reads were counted using the “union” mode in 

htseq-count, which only counts reads if they overlap a single gene model unambiguously.

We performed independent filtering of the dataset prior to model fitting [58] to exclude the 

40% of genes with the lowest variance across all samples from all subsequent analyses. This 

filtering strategy improves power by removing the genes—and therefore unnecessary 

multiple tests—that were undetected in all samples and unlikely to be statistically different 

across treatments. Differential expression analysis was conducted in R, using the DESeq2 

package [59,60], which uses a negative binomial error distribution to test for differential 

gene expression. Library size for each replicate sample was normalized using DESeq based 

on the entire dataset, however each population was analyzed separately. The effects of the 

parental environment, larval environment, and their interaction were included in the full 

model. Significance values for differential expression were adjusted for multiple 

comparisons using the Benjamini-Hochberg method [61], and model effects were deemed 

significant if they reached a 5% false discovery rate (FDR).

To compare transcriptional plasticity among different treatments and different populations, 

we fit an ordinary least squares (OLS) linear model to the log2 transformed fold change in 

expression of the significantly differentially expressed genes in each pairwise comparison of 

interest. Within each population, we compared the expression change attributable to the 

larval environment against the expression change due to parental environment in this way. 

We also compared the fold change attributed to each treatment (larval or parental 

environment) between each pair of populations using a similar analysis.

5.6 Enrichment of transcription factor targets

To understand how parental or larval stress affects major developmental pathways, we 

looked for enrichment of gene targets for several transcription factors that have critical roles 

in development or stress response. In each set of differentially expressed genes for each 

population, we tested for enrichment of known regulatory targets of 23 transcription factors 

for which binding data is available for the related nematode C. elegans. Binding targets for 
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all transcription factors except for the FOXO transcription factor DAF-16 were obtained 

from the C. elegans modENCODE project [32]. These targets were all identified from 

chromatin immunoprecipitation sequencing (ChIP-seq). Putative target genes bound by 

DAF-16 have been previously identified using two different approaches: ChIP [62] and 

DNA adenine methyltransferase identification (DamID) [63]. We included all genes bound 

by DAF-16 within their promoter region from both studies as possible DAF-16 targets. 

Putative transcription factor target genes could be included multiple gene sets, if they are 

bound by more than one factor.

C. remanei homologs for each of the C. elegans transcription factor targets were determined 

based on the annotations that have been curated in the WS220 release of WormBase [64]. 

Homologous genes identified by any method were included as possible transcription factor 

targets in C. remanei. In cases where multiple C. remanei genes were matched to a single 

gene in C. elegans, all possible homologous genes were included in the gene set, since no 

information was available to determine whether transcription factor binding was preserved 

preferentially in either possible homolog.

Modules were tested for significant enrichment of target genes bound by each transcription 

factor using a one-tailed Fisher's exact test. In addition, we tested for enrichment of the C. 

remanei heat shock proteins examined previously [20]. Since a total of 24 gene sets were 

tested, we determined that there was significant enrichment by using a Bonferroni corrected 

α-value of P < 0.05 / 24 (<0.002).
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Fig. 1. 
Phenotypic plasticity for heat stress resistance in ancestral and selected populations. 

Interaction plots depict the effects of larval environment on the proportion of worms 

surviving heat shock when the parents were reared at 20°C (blue) or 30°C (red) in each of 

the experimental populations. Conditional means from the GLM with 95% confidence 

intervals are plotted.
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Fig. 2. 
Comparison of parental and larval environmental effects on gene regulation in the 

experimentally evolved populations. (A) Ancestral populations, (B) laboratory adaptation 

controls, and (C) populations selected for heat shock resistance during the larval period. 

Only genes that were differentially expressed (FDR < 5%) across parental or larval 

environments are shown (gray). Heat shock proteins that were significantly differentially 

expressed are highlighted in red. Lines in each panel indicate the linear fit from the 

regression model (±95% CI). All correlations are P < 0.0001.
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Fig. 3. 
Differences in environmental effects on gene expression across populations. Population 

differences in parental environment effects (panels A-C) on gene expression and larval 

environment effects (D-F) on expression are shown for each pairwise combination of 

experimental populations (ancestor, control, and selection for heat-shock resistance). Only 

genes that were differentially expressed (FDR < 5%) for each comparison are shown (gray), 

with heat shock proteins highlighted in red. Lines in each panel indicate the linear fit from 

the regression model (±95% CI). All correlations are P < 0.0001.
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Fig. 4. 
Enrichment of regulatory targets of key transcription factors among differentially expressed 

genes. Red boxes indicate significant enrichment (one-tailed Fisher's exact test; P < 0.002) 

within each set of up- or down-regulated genes, and odds ratios for each significantly 

enriched set are given. Transcription factors with described roles in mediating stress 

response, dauer formation, or longevity are classified as potential stress response factors, but 

may also have other important roles in development. Proteins that influence the specification 

and development of sensory neurons are classified here as neuronal development factors. A, 

ancestor; C, control evolved population; H, heat-selected population.
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