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Abstract

Despite reports of parental exposure to stress promoting physiological adaptations in progeny in
diverse organisms, there remains considerable debate over the significance and evolutionary
conservation of such multigenerational effects. Here, we investigate four independent models of
intergenerational adaptations to stress in C. elegans — bacterial infection, eukaryotic infection,
osmotic stress and nutrient stress — across multiple species. We found that all four
intergenerational physiological adaptations are conserved in at least one other species, that they
are stress-specific, and that they have deleterious trade-offs in mismatched environments. By
profiling the effects of parental bacterial infection and osmotic stress exposure on progeny gene
expression across species we established a core set of 279 highly conserved genes that exhibited
intergenerational changes in expression in response to stress in all species tested and provide
evidence suggesting that presumed adaptive and deleterious intergenerational effects are
molecularly related at the gene expression level. By contrast, we found that these same stresses
did not elicit any similarly conserved transgenerational changes in progeny gene expression three
generations after stress exposure. We conclude that intergenerational responses to stress play a
substantial and evolutionarily conserved role in regulating animal physiology and that the vast
majority of the effects of parental stress on progeny gene expression are reversible and not

maintained transgenerationally.
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Introduction

Multigenerational effects of a parent’s environment on progeny have been reported to contribute
to numerous organismal phenotypes and pathologies in species ranging from plants to mammals
(Agrawal et al., 1999; Bozler et al., 2019; Burton et al., 2020, 2017; Dantzer et al., 2013; Dias
and Ressler, 2014; Hibshman et al., 2016; Houri-Zeevi et al., 2020; Jordan et al., 2019; Kaletsky
et al., 2020; Kishimoto et al., 2017; Klosin et al., 2017; Luna et al., 2012; Ma et al., 2019; Moore
et al., 2019; Ost et al., 2014; Palominos et al., 2017; Posner et al., 2019; Veenendaal et al., 2013;
Vellichirammal et al., 2017; Webster et al., 2018; Wibowo et al., 2016; Willis et al., 2021).
These effects on progeny include many notable observations of intergenerational (lasting 1-2
generations) adaptive changes in phenotypically plastic traits such as the development of wings
in pea aphids (Vellichirammal et al., 2017), helmet formation in Daphnia (Agrawal et al., 1999),
accelerated growth rate in red squirrels (Dantzer et al., 2013), and physiological adaptations to
osmotic stress and pathogen infection in both Arabidopsis (Luna et al., 2012; Wibowo et al.,
2016) and Caenorhabditis elegans (Burton et al., 2020, 2017). These intergenerational adaptive
changes in development and physiology can lead to substantial increases in organismal survival,
with up to 50-fold increases in the survival of offspring from stressed parents being reported
when compared to the offspring from naive parents (Burton et al., 2020). While many of the
most studied intergenerational effects of a parent’s environment on offspring have been
identified in plants and invertebrates, intergenerational effects have also been reported in
mammals (Dantzer et al., 2013; Dias and Ressler, 2014). Similar to findings in plants and
invertebrates, some observations of intergenerational effects in mammals have been found to be
physiologically adaptive (Dantzer et al., 2013), but many others, such as observations of fetal
programming in humans (de Gusmao Correia et al., 2012; Langley-Evans, 2006; Schulz, 2010)

and studies of the Dutch Hunger Winter (Veenendaal et al., 2013), have been reported to be
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deleterious. Nonetheless, even for these presumed deleterious intergenerational effects it has
been hypothesized that under different conditions the intergenerational effects of fetal
programming, such as the effects caused by the Dutch Hunger Winter, might be considered

physiologically adaptive (Hales and Barker, 2001, 1992).

If intergenerational responses to environmental stresses represent evolutionarily conserved
processes, if they are general or stress-specific effects, and whether adaptive and deleterious
intergenerational effects are molecularly related remains unknown. Furthermore, multiple
different studies have recently reported that some environmental stresses elicit changes in
progeny physiology and gene expression that persist for three or more generations, also known
as transgenerational effects (Kaletsky et al., 2020; Klosin et al., 2017; Ma et al., 2019; Moore et
al., 2019; Posner et al., 2019; Webster et al., 2018). However, if intergenerational effects (lasting
1-2 generations) and transgenerational effects (lasting 3+ generations) represent related or
largely separable phenomena remains unclear. Answering these questions is critically important
not only in understanding the role that multigenerational effects play in evolution, but also in
understanding how such effects might contribute to multiple human pathologies that have been
linked to the effects of a parent’s environment on offspring, such as Type 2 diabetes and

cardiovascular disease (Langley-Evans, 2006).

Here, we investigated the evolutionary conservation, stress specificity, and potential tradeoffs of
four independent models of intergenerational adaptations to stress in C. elegans — bacterial
infection, eukaryotic infection, nutrient stress and osmotic stress. We found that all four models

of intergenerational adaptive effects are conserved in at least one other species, but that all
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99 exhibited a different pattern of evolutionary conservation. Each intergenerational adaptive effect
100  was stress-specific and multiple intergenerational adaptive effects exhibited deleterious tradeoffs
101  in mismatched environments or environments where multiple stresses were present
102  simultaneously. By profiling the effects of multiple different stresses on offspring gene
103 expression across species we identified a set of 279 genes that exhibited intergenerational
104  changes in gene expression in response to stress in all species tested. In addition, we found that
105 aninversion in the expression of a subset of these genes, from increased expression to decreased
106  expression in the offspring of stressed parents, correlates with an inversion of an adaptive
107  intergenerational response to bacterial infection in C. elegans and C. kamaaina to a deleterious
108  intergenerational effect in C. briggsae. Lastly, we report that the vast majority of the
109  intergenerational effects of multiple different stresses on offspring gene expression were not
110  maintained transgenerationally in F3 progeny and that no transgenerational changes in gene
111 expression that were observed in C. elegans were conserved in in a second Caenorhabditis
112 species that exhibits phenotypically conserved intergenerational responses to stress
113 (C. kamaaina). Our findings demonstrate that intergenerational adaptive responses to stress are
114  evolutionarily conserved, stress-specific, and likely represent a distinct phenomenon from
115  transgenerational effects. In addition, our findings suggest that the mechanisms that mediate
116  intergenerational adaptive responses in some species might be related to the mechanisms that

117  mediate intergenerational deleterious effects in other species.

118

119 Results

120

121  Intergenerational adaptations to stress are evolutionarily conserved
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122

123 To test if any of the intergenerational adaptations to stress that have been reported in C. elegans
124  are evolutionarily conserved in other species we focused on four recently described

125  intergenerational adaptations to abiotic and biotic stresses - osmotic stress (Burton et al., 2017),
126 nutrient stress (Hibshman et al., 2016; Jordan et al., 2019), Pseudomonas vranonvensis infection
127  (bacterial) (Burton et al., 2020), and Nematocida parisii infection (eukaryotic — microsporidia)
128  (Willis et al., 2021). We tested if these four intergenerational adaptive responses were conserved
129  in four different species of Caenorhabditis (C. briggsae, C. elegans, C. kamaaina, and

130  C. tropicalis) that shared a last common ancestor approximately 30 million years ago (Figure
131  1A) (Cutter, 2008). These species were chosen because they represent multiple independent

132 branches of the Elegans group (Figure 1A) and because we could probe the conservation of

133 underlying mechanisms using established genetics approaches.

134

135  We exposed parents of all four species to P. vranovensis and subsequently studied their

136  offspring’s survival rate in response to future P. vranovensis exposure. We found that parental
137  exposure to the bacterial pathogen P. vranovensis protected offspring from future infection in
138  both C. elegans and C. kamaaina (Figure 1B) and that this adaptive intergenerational effect in C.
139  kamaaina required the same stress response genes (cys/-1 and rhy-1) as previously reported for
140  C. elegans (Burton et al., 2020) (Figure 1C), indicating that these animals intergenerationally
141  adapt to infection via a similar and potentially conserved mechanism. By contrast, we found that
142 naive C. briggsae animals were more resistant to P. vranovensis than any of the other species
143 tested, but exposure of C. briggsae parents to P. vranovensis caused greater than 99% of

144 offspring to die upon future exposure to P. vranovensis (Figure 1B). We confirmed that parental
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145  P. vranovensis exposure resulted in an adaptive intergenerational effect for C. elegans but a

146  deleterious intergenerational effect for C. briggsae by testing multiple additional wild isolates of
147  both species (Supplemental Figure 1A-C). Parental exposure to P. vranovensis had no

148  observable effect on offspring response to infection in C. tropicalis (Figure 1B). We conclude
149  that parental exposure to P. vranovensis causes substantial changes in offspring susceptibility to
150  future P. vranovensis exposure in multiple species, but whether those effects are protective or

151  deleterious for offspring is species dependent.

152

153  Using a similar approach to investigate intergenerational adaptive responses to other stresses, we
154  found that parental exposure to mild osmotic stress protected offspring from future osmotic

155  stress in all of C. elegans, C. briggsae, and C. kamaaina, but again not in C. tropicalis (Figure
156  1D). This intergenerational adaptation to osmotic stress in C. briggsae and C. kamaaina required
157  the glycerol-3-phosphate dehydrogenase gpdh-2 (Figure 1E and Supplemental Figure 1D),

158  similar to previous observations for C. elegans (Burton et al., 2017) and indicating that these

159  adaptations are regulated by similar and likely evolutionarily conserved mechanisms.

160

161  We then sought to test if intergenerational resistance to infection by the eukaryotic pathogen
162 N. parisii is similarly conserved in Caenorhabditis species. N. parisii is a common natural

163  pathogen of both C. elegans and C. briggsae (Zhang et al., 2016). Here, we show that N. parisii
164  can also infect C. kamaaina and C. tropicalis (Supplemental Figure 2). By investigating the
165  effects of parental N. parisii infection on offspring across species, we found that parental

166  exposure of C. elegans and C. briggsae to N. parisii protected offspring from future infection
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(Figure 1F). By contrast, parental exposure of C. kamaaina and C. tropicalis to N. parisii had no

observable effect on offspring infection rate (Figure 1F).

Lastly, we investigated the intergenerational effects of nutrient stress on offspring. We found that
parental nutrient stress by food deprivation resulted in larger offspring in both C. elegans and

C. tropicalis, which is predicted to be adaptive (Hibshman et al., 2016), but had minimal effects
on offspring size in C. briggsae and C. kamaaina (Figure. 1G). Collectively, our findings
indicate that all four reported intergenerational adaptive effects in C. elegans are conserved in at
least one other species but all four show a different pattern of conservation, which is consistent
with each response being regulated by distinct molecular mechanisms (Burton et al., 2020, 2017;

Hibshman et al., 2016; Jordan et al., 2019; Willis et al., 2021).
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Figure 1. Intergenerational adaptations to multiple stresses are evolutionarily
conserved in multiple species of Caenorhabditis. (A) Phylogenetic tree of the Elegans
group of Caenorhabditis species adapted from Stevens et al., 2020. Scale represents
substitutions per site. (B) Percent of wild-type C. elegans (N2), C. kamaaina (QG122),
C. briggsae (AF16), and C. tropicalis (JU1373) animals surviving after 24 hours on
plates seeded with P. vranovensis BIGb0446. Data presented as mean values + s.d.
n=3-4 experiments of >100 animals. (C) Percent of C. kamaaina wild-type (QG122)
animals surviving after 24 hours of exposure to P. vranovensis. Data presented as
mean values £ s.d. n= 3 experiments of >100 animals. (D) Percent of wild-type
animals mobile and developing at 500 mM NaCl after 24 hours. Data presented as
mean values + s.d. n=3 experiments of >100 animals. (E) Percent of wild-type and
Cbr-gpdh-2(syb2973) mutant C. briggsae (AF16) mobile and developing after 24 hours
at 500 mM NacCl. Data presented as mean values + s.d. n= 3 experiments of >100
animals. (F) Percent of animals exhibiting detectable infection by N. parisii as
determined by DY96 staining after 72 h for C. elegans and C. briggsae, or 96 h for C.
kamaaina and C. tropicalis. Data presented as mean values + s.e.m. n=3-4
experiments of 83-202 animals. (G) Boxplots for length of L1 progeny from PO
parents that were subject to the HB101 dose series. Larvae were measured using
Wormsizer. Boxplots show median length with four quartiles. n = 3-8 experiments of
50-200 animals. **p<0.01, *** p<0.0001, ****p<0.0001

The effects of parental bacterial infection on offspring gene expression correlate with

offspring pathogen sensitivity

Of the four intergenerational models investigated here, parental exposure of C. elegans to
osmotic stress and P. vranovensis infection were previously reported to cause substantial
changes in offspring gene expression, including the expression of genes that are required for the
observed intergenerational adaptations (Burton et al., 2020, 2017). We exposed C. elegans,

C. briggsae, C. kamaaina, and C. tropicalis to osmotic stress and P. vranovensis infection and
subsequently performed RNA-seq on offspring to test: (1) if the specific heritable changes in
gene expression in response to each of these stresses are conserved across species and (2) if any
changes in gene expression correlate with the phenotypic differences in intergenerational

responses to stress we observed in the different species. This analysis allowed us to compare the

10
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192 effects of parental stress on offspring gene expression of 7,587 single-copy orthologues that are

193  conserved across all four species (Supplemental Table 1).

194

195  Consistent with previous observations in C. elegans, we found that parental exposure to

196  P. vranovensis resulted in substantial changes in offspring gene expression in all four species we
197  investigated (Figure 2A-D and Supplemental Table 2). Of the 7,587 single copy orthologues

198  shared between the four species, we found 2,663 genes that exhibited differential expression in
199  the offspring of infected animals in C. elegans and at least one other species (Figure 2D and

200  Supplemental Table 2). Furthermore, we found that 275 genes are differentially expressed in the
201  offspring of parents exposed to P. vranovensis in all four species (Figure 2D and Supplemental
202  Table 2). These data indicate that parental exposure to the bacterial pathogen P. vranovensis

203  leads to changes in offspring gene expression at a common set of stress response genes in diverse

204  species of Caenorhabditis.

205

206  Parental exposure of C. elegans and C. kamaaina to P. vranovensis led to increased progeny
207  resistance to future P. vranovensis exposure (Figure 1B). By contrast, parental exposure of

208  C. briggsae to P. vranovensis led to increased offspring susceptibility to P. vranovensis

209  (FigurelB). We hypothesized that differences in the expression of genes previously reported to
210  be required for adaptation to P. vranovensis, such as the acyltransferase rhy-1, might underlie
211  these differences between species. We therefore investigated whether any genes exhibited

212 specific changes in expression in C. elegans and C. kamaaina that were either absent or inverted
213 in C. briggsae. We found that of the 3,397 genes that exhibited differential expression in the

214  offspring of parents exposed to P. vranovensis in C. elegans, only 718 were also differentially

11
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expressed in C. kamaaina (Supplemental Table 2). From this refined list of 718 genes, we found
that 287 exhibited increased expression in both C. elegans and C. kamaaina. Of these 287 genes,
66 were not differentially expressed in C. briggsae and 52 exhibited decreased expression in the
offspring of C. briggsae parents exposed to P. vranovensis (Supplemental Table 2). Similarly,
we identified 405 genes that exhibited decreased expression in both the offspring of C. elegans
and C. kamaaina parents exposed to P. vranovensis . Of these genes, 303 were not differentially
expressed in C. briggsae and 18 exhibited increased expression in the offspring of C. briggsae
parents exposed to P. vranovensis (Supplemental Table 2). These results indicate that a majority
of the genes that are differentially expressed in the offspring of both C. elegans and C. kamaaina

either do not change in C. briggsae or change in the opposite direction.

Three genes, cysl-1, cysl-2 and rhy-1, were previously reported to be required for C. elegans to
intergenerationally adapt to P. vranovensis (Burton et al., 2020). Here, we found that all three
genes exhibit significantly increased expression in the offspring of infected parents in both

C. elegans and C. kamaaina. By contrast, rhy-1 exhibited a 4-fold decrease in expression in

C. briggsae offspring from infected parents (Figure 2E). Similarly, we found that parental
exposure of C. briggsae to P. vranovensis had either no effect or a substantially reduced effect
on the expression of cysl-1 and cysl-2 in the offspring of infected parents when compared to C.
elegans and C. kamaaina (Supplemental Table 2). Notably, the directional change of rhy-1
expression in progeny of animals exposed to P. vranovensis correlates with the observation that
parental exposure to P. vranovensis results in enhanced pathogen resistance in offspring in

C. elegans and C. kamaaina but has a strong deleterious effect on pathogen resistance in

C. briggsae (Figure 1B). These findings suggest that molecular mechanisms underlying adaptive

12


https://doi.org/10.1101/2021.05.07.443118
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.05.07.443118; this version posted May 8, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC 4.0 International license.

238 and deleterious effects in different species might be related and dependent on the direction of

239  changes in gene expression of specific stress response genes.

13
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Figure 2. Parental exposure to P. vranovensis and osmotic stress have overlapping effects on
offspring gene expression across multiple species. (A) Average fold change of 7,587 single-
copy orthologue genes in F1 progeny of C. elegans and C. briggsae parents fed P.
vranovensis BIGb0446 when compared to parents fed E. coliHB101. Average fold change
from three replicates. Red dots represent genes that exhibit statistically significant (padj < 0.01)
changes in both species. (B) Average fold change of 7,587 single-copy orthologue genes in F1
progeny of C. elegans and C. kamaaina parents fed P. vranovensis BIGb0446 when compared
to parents fed E. coliHB101. Average fold change from three replicates. Red dots represent
genes that exhibit statistically significant (padj < 0.01) changes in both species (C) Average
fold change of 7,587 single-copy orthologue genes in F1 progeny of C. elegans and C.
tropicalis parents fed P. vranovensis BIGb0446 when compared to parents fed E. coliHB101.
Average fold change from three replicates. Red dots represent genes that exhibit statistically
significant (padj < 0.01) changes in both species (D) Venn diagram of the number of genes that
exhibit overlapping statistically significant (padj < 0.01) changes in expression in F1 progeny of
animals exposed to P. vranovensis BIGb0446 in each species. (E) Normalized counts of reads
matching orthlougues of rhy-1 in the F1 offspring of parents fed either E. coli HB101 or P.
vranovensis BIGb0446. Data from Supplemental Table 2. n = 3 replicates. (F) Average fold
change of 7,587 single-copy orthologue genes in F1 progeny of C. elegans and C. briggsae
parents grown at 300 mM NaCl when compared to parents grown at 50 mM NaCl. Average fold
change from three replicates. Red dots represent genes that exhibit statistically significant
(padj < 0.01) changes in both species. (G) Average fold change of 7,587 single-copy
orthologue genes in F1 progeny of C. elegans and C. kamaaina parents grown at 300 mM
NaCl when compared to parents grown at 50 mM NaCl. Average fold change from three
replicates. Red dots represent genes that exhibit statistically significant (padj < 0.01) changes
in both species. (H) Average fold change of 7,587 single-copy orthologue genes in F1 progeny
of C. elegans and C. tropicalis parents grown at 300 mM NaCl when compared to parents
grown at 50 mM NaCl. Average fold change from three replicates. Red dots represent genes
that exhibit statistically significant (padj < 0.01) changes in both species. (l) Venn diagram of
the number of genes that exhibit overlapping statistically significant (padj < 0.01) changes in
expression in F1 progeny of animals grown at 300 mM NaCl in each species. (J) Normalized
counts of reads matching orthlougues of gpdh-1 in the F1 progeny of parents grown at either
300 mM NaCl or 50 mM NaCl. Data from Supplemental Table 3. n = 3 replicates. (K) Average
fold change for 7,587 orthologue genes in F1 progeny of C. elegans parents fed

P. vranovensis or exposed to 300 mM NaCl when compared to naive parents. Average fold
change from three replicates. Red dots — genes that change in expression in response to both
stresses. Blue dots — genes that change in expression in response to only osmotic stress.
Green dots — genes that change in expression in response to only P. vranovensis. (L) Average
fold change of 7,512 single-copy orthologue genes in F3 progeny of C. elegans and

C. kamaaina fed P. vranovensis BIGb0446 when compared to those fed E. coli HB101.
Average fold change from three replicates. Blue dots represent genes that exhibited
statistically significant (padj < 0.01) changes in C. elegans. Green dots represent genes that
exhibited statistically significant (padj < 0.01) changes in C. kamaaina. (M) Average fold
change of 7,512 single-copy orthologue genes in F1 progeny of C. elegans and C. kamaaina
parents grown at 300 mM NaCl when compared to parents grown at 50 mM NaCl. Average fold
change from three replicates. Green dots represent genes that exhibited statistically significant
(padj < 0.01) changes in C. kamaaina. *p<0.05, **p<0.01, *** p<0.0001, ***p<0.0001

Different parental stresses have distinct effects on offspring gene expression
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243

244  We performed the same analysis on the offspring of all four species from parents exposed to
245  osmotic stress. From this analysis we observed that parental exposure to osmotic stress resulted
246 1,163 genes exhibiting differential expression in both C. elegans and C. briggsae offspring

247  (Figure 2F-K and Supplemental Table 3). In addition, we found that these changes in gene

248  expression were largely distinct from the gene expression changes observed in the offspring of
249  parents exposed to P. vranovensis (Figure 2K and Supplemental Tables 2 and 3), indicating that
250 different parental stresses have distinct effects on offspring gene expression. However, parental
251  exposure to C. kamaaina and C. tropicalis to osmotic stress resulted in approximately 5-fold
252  fewer changes in offspring gene expression (Figure 2G-H and Supplemental Table 3). In total
253  only nine genes exhibited differential expression in the offspring of parents exposed to osmotic
254  stress in all four species (Figure 2I) and five of these nine were also observed to change in the

255  offspring of parents exposed to P. vranovensis (Supplemental Table 3).

256

257  Unlike C. elegans, C. briggsae, and C. kamaaina, parental exposure of C. tropicalis to osmotic
258  stress did not protect offspring from future osmotic stress (Figure 1D). We therefore identified
259  genes that were differentially expressed in the F1 offspring of C. elegans, C. briggsae, and

260  C. kamaaina exposed to osmotic stress, but not in C. tropicalis. From this analysis we identified
261  eleven genes that are specifically differentially expressed in the three species that adapt to

262  osmotic stress but not in C. tropicalis; this list of genes includes the glycerol-3-phosphate

263  dehydrogenase gpdh-1 which is one of the most upregulated genes in response to osmotic stress
264  and is known to be required for animals to properly respond to osmotic stress (Lamitina et al.,

265  2006) (Figure 2J). These results suggest that, similar to our observations for P. vranovensis
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266  infection, different patterns in the expression of osmotic stress response genes correlate with

267  different intergenerational phenotypic responses to osmotic stress.

268

269  Differences in gene expression in the offspring of stressed parents could be due to programmed
270  changes in expression in response to stress or due to indirect effects caused by changes in

271  developmental timing. To confirm that the embryos from all conditions were collected at the
272  same developmental stage we compared our RNA-seq findings to a time resolved transcriptome
273  of C. elegans development (Boeck et al., 2016). Consistent with our visual observations that a
274  vast majority of offspring collected were in the comma stage of embryo development, we found
275  that the gene expression profiles of all offspring from both naive and stressed parents overlapped
276  strongly with the 330-450 minute timepoints of development (Supplemental Figure 3A). In

277  addition, we found that approximately 50% of all genes that were differentially expressed in the
278  offspring of stressed parents when compared to naive parents exhibited a change in gene

279  expression that was more than one standard deviation outside their average expression across all
280  timepoints of embryo development (Supplemental Figure 3B-3C). We similarly found that many
281  of the genes known to be required for intergenerational responses to stress exhibit expression
282  that is outside the range of expression observed at any time point of early development

283  (Supplemental Figure 3D-3E). These results suggest that a majority of the expression differences
284  we observed in the offspring of stressed parents were not due to differences in developmental

285  timing.

286

287  The effects of parental bacterial infection and osmotic stress on offspring gene expression

288  are not maintained transgenerationally
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289

290 Determining whether the effects of parental exposure to stress on offspring gene expression are
291  reversible after one generation or if any changes in gene expression persist transgenerationally is
292 acritical and largely unanswered question in the field of multigenerational effects. To test if any
293  of the intergenerational changes in gene expression that we observed persist transgenerationally
294  we performed RNA-seq of F3 progeny of C. elegans exposed to both P. vranovensis and osmotic
295  stress. We found that only 121 of the 3,397 genes that exhibited intergenerational (F1) changes
296  in gene expression in response to P. vranovensis infection were also differentially expressed
297  transgenerationally in C. elegans F3 progeny (Figure 2K and Supplemental Table 4).

298  Furthermore, we found that only two of the 2,539 genes that exhibited intergenerational changes
299  in expression in response to osmotic stress were also differentially expressed in C. elegans F3
300  progeny (Figure 2L and Supplemental Table 4). We conclude that the vast majority of

301 intergenerational effects of these stresses on gene expression do not persist transgenerationally.
302  To test if any of the 123 genes that exhibited differential expression in the F3 progeny of

303  C. elegans exposed to P. vranovensis or osmotic stress also exhibit transgenerational changes in
304  expression in other Caenorhabditis species, we performed the same experiments on

305  C. kamaaina, which also intergenerationally adapts to both P. vranovensis infection and osmotic
306  stress. We found that none of the 123 genes that were differentially expressed in the F3 progeny
307  of C. elegans exposed to either P. vranovensis or osmotic stress were also differentially

308  expressed in the F3 progeny of C. kamaaina under the same conditions (Figure 2K and

309  Supplemental Table 4). Our results suggest that neither of these biotic or abiotic stresses that
310 elicit robust intergenerational changes in gene expression cause similar transgenerational

311  changes in gene expression in a second Caenorhabditis species under the same conditions. We

312  note, however, that it remains possible that transgenerational effects of these stresses could
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313  persist through other mechanisms, could affect the expression of genes that are not clearly

314  conserved between species, or could exert weaker effects on broad classes of genes that would
315 not be detectable at any specific individual loci as was reported for the transgenerational effects
316  of starvation and loss of COMPASS complex function on gene expression in C. elegans (Greer
317 etal., 2011; Webster et al., 2018). Furthermore, it is possible that transgenerational effects on
318  gene expression in C. elegans are restricted to germ cells (Buckley et al., 2012; Houri-Zeevi et
319  al., 2020; Posner et al., 2019) and are not detectable in somatic tissue. Such effects that occur
320  specifically in germ cells might not have been detectable in the early developmental stage

321  assayed here.

322

323  Intergenerational responses to stress can have deleterious trade offs

324

325 Intergenerational changes in animal physiology that protect offspring from future exposure to
326  stress could be stress-specific or could converge on a broadly stress resistant state. If

327  intergenerational adaptive effects are stress-specific, then it is expected that parental exposure to
328  agiven stress will protect offspring from that same stress but potentially come at the expense of
329  fitness in mismatched environments. If intergenerational adaptations to stress converge on a
330  generally more stress resistant state, then parental exposure to one stress might protect offspring
331  against many different types of stress. To determine if the intergenerational effects we

332 investigated here represent specific or general responses we assayed how parental C. elegans
333  exposure to osmotic stress, P. vranovensis infection, and N. parisii infection, either alone or in
334  combination, affected offspring responses to mismatched stresses. We found that parental

335  exposure to P. vranovensis did not affect the ability of animals to intergenerationally adapt to
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336  osmotic stress (Figure 3A). By contrast, parental exposure to osmotic stress completely

337  eliminated the ability of animals to intergenerationally adapt to P. vranovensis (Figure 3B). This
338  effect is unlikely to be due to the effects of osmotic stress on P. vranovensis itself, as mutant

339  animals that constitutively activate the osmotic stress response (osm-8) were also completely

340  unable to adapt to P. vranovensis infection (Figure. 3C) (Rohlfing et al., 2011). We conclude that
341  animals’ intergenerational responses to P. vranovensis and osmotic stress are stress-specific,

342 consistent with our observation that parental exposure to these two stresses resulted in distinct

343 changes in offspring gene expression (Figure 2K).

344

345  We performed a similar analysis comparing animals’ intergenerational response to osmotic stress
346  and the eukaryotic pathogen N. parisii. We previously reported that L1 parental infection with
347  N. parisii results in progeny that is more sensitive to osmotic stress (Willis et al., 2021). Here we
348  found that L4 parental exposure of C. elegans to N. parisii had a small, but not significant effect
349  on offspring response to osmotic stress (Figure 3D). However, similar to our observations for
350 osmotic stress and bacterial infection, we found that parental exposure to both osmotic stress and
351  N. parisii infection simultaneously resulted in offspring that were less protected against future
352  N. parisii infection than when parents are exposed to N. parisii alone (Figure 3E). Collectively,
353  these data further support the conclusion that intergenerational responses to infection and

354  osmotic stress are stress-specific and suggest that intergenerational adaptations to osmotic stress
355  might come at the expense of animals’ ability to properly respond to bacterial or eukaryotic

356  infections when either is paired with osmotic stress.

357
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To compare animals’ intergenerational responses to bacterial infection and eukaryotic infection
we performed a similar comparative analysis. We found that parental exposure to P. vranovnesis
had no observable effect on offspring response to N. parisii either alone or when both pathogens
were present simultaneously (Figure 1F). Similarly, we found that parental exposure to N. parisii
had no observable effect on offspring response to P. vranovensis either alone or when both
pathogens were present at the same time (Figure 1G). We conclude that intergenerational
adaptations to osmotic stress, P. vranovensis infection and N. parisii infection are largely stress-

specific.
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Figure 3. Intergenerational adaptations to stress are stress-specific and have
deleterious trade-offs. (A) Percent of wild-type C. elegans mobile and developing at
500 mM NaCl after 24 hours. Data presented as mean values £ s.d. n= 3 experiments
of >100 animals. (B) Percent of wild-type C. elegans surviving after 24 hours of
exposure to P. vranovensis BIGb0446. Data presented as mean values +s.d. n=3
experiments of >100 animals. (C) Percent of wild-type and osm-8(n1518) C. elegans
surviving after 24 hours of exposure to P. vranovensis BIGb0446. Data presented as
mean values £ s.d. n= 3 experiments of >100 animals. (D) Percent of wild-type

C. elegans mobile and developing at 420 mM NaCl after 48 hours. Data presented as
mean values + s.d. n=3 experiments of >100 animals. (E) N. parisii parasite burden of
individual C. elegans after 72 h (as determined by percentage fluorescence from
DY96-stained spores after 72 h). Data presented as mean valuests.em. n=4
experiments of 25 animals (F) N. parisii parasite burden of individual C. elegans after
72 h (as determined by percentage fluorescence from DY96-stained spores after 72
h). Data presented as mean values + s.e.m. n = 3 experiments of 25 animals. (G)
Percent of wild-type C. elegans surviving after 24 hours of exposure to P. vranovensis
BIGb0446. Data presented as mean values £ s.e.m. n= 3 experiments of >100
animals. *p<0.05, **p<0.01, *** p<0.0001, ****p<0.0001

Intergenerational responses to Pseudomonas pathogens are distinct from other bacterial

pathogens

To further probe the specificity of intergenerational responses to stress we also sought to
determine if the substantial changes in pathogen resistance and gene expression observed in

C. elegans offspring from parents exposed to the bacterial pathogen P. vranovensis were specific
to this pathogen or part of a general response to bacterial pathogens. To test this we first
screened wild bacterial isolates from France (Samuel et al., 2016) and the United Kingdom
(Supplemental Table 5) for those that are potential natural pathogens of C. elegans and that also
intergenerationally affect C. elegans survival or growth rate. From this analysis we identified a
new Pseudomonas isolate, Pseudomonas sp. 15C5, where parental exposure to Pseudomonas sp.

15C5 enhanced offspring growth rate in response to future exposure to Pseudomonas sp. 15C5
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381  (Figure 4A). This intergenerational effect resembled C. elegans intergenerational adaptation to
382  P.vranovensis and we found that parental exposure to either isolate of Pseudomonas protected
383  offspring from future exposure to the other Pseudomonas isolate (Figure 4A-B). To test if

384  Pseudomonas sp. 15C5 was a new isolate of P. vranovensis or a distinct species of Pseudomonas
385  we performed both 16S rRNA sequencing and sequenced the gene rpoD of Pseudomonas sp.
386  15CS5. From this analysis we found that Pseudomonas sp. 15C5 is not an isolate of

387  P.vranovensis and is most similar to Pseudomonas putida — 99.49% identical 16S rRNA and
388  98.86% identical rpoD by BLAST (Supplemental File 1). These results indicate that parental
389  exposure to multiple different Pseudomonas species can protect offspring from future pathogen
390  exposure. We note, however, that other pathogenic species of Pseudomonas, such as

391  P. aeruginosa, did not cross protect against P. vranovensis (Burton et al., 2020), indicating that
392  not all pathogenic species of Pseudomonas result in the same intergenerational changes in

393  offspring pathogen resistance.

394

395 In addition to these intergenerational adaptive effects, we also identified two bacterial isolates
396 that activate pathogen response pathways, Serretia plymutica BUR1537 and Aeromonas sp.

397  BIGb0469 (Samuel et al., 2016; Hellberg et al., 2015), that resulted in intergenerational

398 deleterious effects (Figure 4C-D). Parental exposure of animals to these potential bacterial

399  pathogens did not intergenerationally protect animals against P. vranovensis (Supplemental

400  Figure 4). We conclude that parental exposure to some species of Pseudomonas can protect

401  offspring from other species of Pseudomonas, but that these effects are likely specific to a subset

402  of Pseudomonas species and not part of a broad response to gram negative bacterial pathogens.

403
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404  To determine how different parental bacterial infections affect offspring gene expression

405  patterns, we profiled gene expression in the offspring of C. elegans parents exposed to each of
406  P. vranovensis BIGb0427, Pseudomonas sp. 15CS5, Serretia plymuthica BUR1537, and

407  Aeromonas sp. BIGb0469. We found that only 109 genes exhibit differential expression in the
408  offspring of parents exposed to all four potential pathogens (Figure 4E-H). However, we

409  identified 1,626 genes that are specifically differentially expressed in the offspring of parents
410  exposed to P. vranovensis and Pseudomonas sp. 15C5 but not in the offspring of parents exposed
411  to S. plymuthica BUR1537 or Aeromonas sp. BIGb0469 (Figure 4H and Supplemental Table 6).
412 We conclude that parental exposure to bacterial pathogens that elicit enhanced offspring

413  resistance to P. vranovensis resulted in distinct changes in offspring gene expression that are not
414  observed when parents are exposed to other gram-winegative bacterial pathogens. Collectively,
415  our results suggest that a majority of the intergenerational effects of a parent’s environment on

416  offspring gene expression are both stress and pathogen specific.
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Figure 4. Many of the intergenerational effects of parental exposure to bacterial
pathogens on offspring gene expression are pathogen specific. (A) Percent of wild-
type C. elegans that developed to the L4 larval stage after 48 hours of feeding on
Pseudomonas sp. 15C5. Data presented as mean values + s.d. n=3 experiments of
>100 animals. (B) Percent of wild-type C. elegans surviving after 24 hours of exposure
to P. vranovensis BIGb0446. Data presented as mean values + s.d. n=3 experiments
of >100 animals. (C) Percent of wild-type C. elegans that developed to the L4 larval
stage after 48 hours of feeding on Aeromonas sp. BIGb0469. Data presented as mean
values = s.d. n=3 experiments of >100 animals. (D) Percent of wild-type C. elegans
that developed to the L4 larval stage after 48 hours of feeding on Serratia plymuthica
BUR1537. Data presented as mean values £ s.d. n= 3 experiments of >100 animals.
(E) Average fold change of genes in F1 progeny of C. elegans fed either
Pseudomonas sp. 15C5 or P. vranovensis BIGb0446 when compared to parents fed
E. coliHB101. Average fold change from three replicates. Red dots represent genes
that exhibit statistically significant (padj < 0.01) changes in the F1 offspring of parents
fed both Pseudomonas sp. 15C5 and P. vranovensis BIGb0446. (F) Average fold
change of genes in F1 progeny of C. elegans fed either Aeromonas sp. BIGb0469 or
P. vranovensis BIGb0446 when compared to parents fed E. coliHB101. Average fold
change from three replicates. Red dots represent genes that exhibit statistically
significant (padj < 0.01) changes in the F1 offspring of parents fed both Aeromonas sp.
BIGb0469 and P. vranovensis BIGb0446. (G) Average fold change of genes in F1
progeny of C. elegans fed either Serratia plymuthica BUR1537 or P. vranovensis
BIGb0446 when compared to parents fed E. coliHB101. Average fold change from
three replicates. Red dots represent genes that exhibit statistically significant (padj <
0.01) changes in the F1 offspring of parents fed both Serratia plymuthica BUR1537
and P. vranovensis BIGb0446. (H) Venn diagram of the number of genes that exhibit
overlapping statistically significant (padj < 0.01) changes in expression in F1 progeny
of C. elegans parents fed each different bacterial species. **p<0.01, *** p<0.0001,

Discussion

Our findings provide some of the first evidence that the mechanisms underlying
intergenerational effects of a parent’s environment on offspring are evolutionarily conserved
among different species, are stress-specific, and exhibit deleterious tradeoffs in complex
environments. These findings provide a base from which we can compare the numerous different
reported observations of multigenerational effects in C. elegans to similar effects in other
species. For example, we identified 279 genes that exhibited intergenerational regulation of

expression in response to the specific stresses of P. vranovensis infection or osmotic stress in all
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427  species studied (Figure 3). We propose that these genes might be particularly tuned for
428  intergenerational regulation and might similarly be involved in intergenerational responses to

429  stress in other species, including species outside the Caenorhabditis genus.

430

431  Notably, we found that the expression of these 279 genes in the offspring of parents exposed to
432 either P. vranovensis infection or osmotic stress were still differentially expressed in

433 C. tropicalis even though parental exposure to these stresses did not appear to affect offspring
434  stress resistance in either assay (Figures 1 and 2). We hypothesize that the molecular

435  consequences of parental stress on offspring, such as changes in the expression of stress response
436  genes, might be more easily identifiable than the specific physiological consequences of parental
437  stress on offspring. In this case we might not have detected the unique phenotypic effects of

438  parental exposure to stress on offspring in C. tropicalis using our assay conditions, but such

439  effects might still exist in this species and be related to those observed in other species. Future
440  studies of the phenotypic effects of parental stress on offspring across species will likely shed
441  significant light on how similar molecular mechanisms can mediate different intergenerational

442 responses to stress across evolution.

443

444  Consistent with the hypothesis that parental exposure to the same stress might elicit distinct
445  phenotypic effects on offspring in different species via evolutionarily related mechanisms, we
446  found that parental exposure of C. briggsae to P. vranovensis had a strong deleterious effect on
447  offspring pathogen resistance even though parental exposure of C. elegans and C. kamaaina to
448  P. vranovensis resulted in increased offspring resistance to P. vranovensis (Figure 1B). This

449  inversion of an intergenerational effect from a presumed adaptive effect to a presumed
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450  deleterious effect correlated with an inversion in the expression of specific pathogen response
451  genes that were previously reported to be required for animals to intergenerationally adapt to

452 P. vranovensis, such as rhy-1 which exhibits increased expression in C. elegans and C. kamaaina
453  offspring from infected parents but decreased expression in C. briggsae offspring from infected
454  parents (Figure 2E). To our knowledge, these findings are the first to suggest that the molecular
455  mechanisms underlying presumed adaptive and deleterious intergenerational effects in different
456  species are evolutionarily related at the gene expression level. These findings suggest that similar
457  observations of presumed intergenerational deleterious effects in diverse species, such as fetal
458  programming in humans, might also be molecularly related to intergenerational adaptive effects
459  in other species. Alternatively, our findings suggest that presumed intergenerational deleterious
460  effects might in fact represent deleterious tradeoffs that are adaptive in other contexts. We expect
461  that a more complete consideration of the evolution of intergenerational effects and the potential
462  relationship between adaptive and deleterious effects will play an important role in

463  understanding how intergenerational effects contribute to organismal resilience in changing

464  environments, what role such effects play in evolution, and how such effects contribute to

465  multiple human pathologies associated with a parent’s environment (Langley-Evans, 2006).

466

467  Lastly, the extent to which intergenerational and transgenerational responses to environmental
468  stress represent related, independent, or even mutually exclusive phenomena represents a major
469  outstanding question in the field of multigenerational effects. Evolutionary modelling of

470  intergenerational and transgenerational effects has suggested that different evolutionary

471  pressures favor the evolution of either intergenerational or transgenerational responses under
472  different conditions. Specifically, it has been suggested that intergenerational effects are favored

473  when offspring environmental conditions are predictable from the parental environment (Uller,
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474 2008). Furthermore, it has been speculated that intergenerational adaptations to stress will have
475  costs (Uller, 2008). These costs, such as the costs we observed for animals intergenerational

476  adaptation to osmotic stress (Figure 3), are likely to strongly favor the loss or active erasure of
477  intergenerational effects if the parental environment improves to avoid potential deleterious

478  effects when a stress is no longer present. By contrast, transgenerational effects were found to
479  predominantly be favored when parental environmental cues are unreliable and the maintenance
480  of information across many generations might be worth the potential costs (Uller et al., 2015).
481  Our findings support a model in which intergenerational and transgenerational effects represent
482  potentially distinct phenomena. Specifically, multiple of the intergenerational responses to

483  different stresses studied here were previously reported to be intergenerational in nature and only
484  last for a single generation (Burton et al., 2020, 2017; Hibshman et al., 2016; Willis et al., 2021).
485  Our studies provide further evidence that the effects of the parental exposure to osmotic stress
486  and P. vranovensis infection are predominantly intergenerational in nature as we did not detect
487  any conserved transgenerational changes in gene expression in response to either stress (Figure
488  2). We strongly suspect that future studies into the mechanisms regulating these intergenerational
489  effects will shed significant light on how intergenerational effects on gene expression are lost
490  and/or erased. In addition, we expect that similar studies of transgenerational effects will

491  potentially elucidate the circumstances under which animals decide environmental information
492 might be worth maintaining despite any potential tradeoffs and if the growing number of

493  transgenerational effects observed in C. elegans are similarly evolutionarily conserved.

494

495  Lastly, future studies of intergenerational effects will be critical in determining the extent to
496  which the mechanisms that mediate intergenerational effects are conserved outside of

497  Caenorhabditis and if similar mechanisms to those uncovered in C. elegans mediate the
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498  numerous different adaptive and deleterious intergenerational effects that have been reported in
499  diverse taxa ranging from the intergenerational development of wings in aphids (Vellichirammal
500 etal., 2017) to fetal programming and the role it plays in disease in humans (Langley-Evans,

501  2006).

502

503 Methods

504  Strains. C. elegans strains were cultured and maintained at 20 °C unless noted otherwise. The
505  Bristol strain N2 was the wild-type strain. Wild isolate strains used in the main figures of this
506  study: N2 (C. elegans), AF16 (C. briggsae), JU1373 (C. tropicalis), and QG122 (C. kamaaina).
507  Wild-isolate strains used in supplemental figures of this study: MY1 (C. elegans), PS2025

508  (C. elegans), CX11262 (C. elegans), JU440 (C. elegans), JUT78 (C. elegans), JU1213

509  (C. elegans), LKC34 (C. elegans), JU1491 (C. elegans), EG4724 (C. elegans), KR314

510  (C. elegans), SX1125 (C. briggsae), and JU1348 (C. briggsae). Mutant alleles used in this study:

511 osm-8(ni518) and Cbr-gpdh-2(syb2973).

512

513  P. vranovensis survival assays. P. vranovensis BIGb0446 or Pseudomonas sp. 15C5 was

514  cultured in LB at 37 °C overnight. 1 mL of overnight culture was seeded onto 50 mm NGM agar
515  plates and dried in a laminar flow hood (bacterial lawns completely covered the plate such that
516  animals could not avoid the pathogen). All plates seeded with BIGb0446 or 15C5 were used the
517  same day they were seeded. Young adult animals were placed onto 50 mm NGM agar plates
518  seeded with 1 mL either E. coli HB101, P. vranovensis BIGb446, or Pseudomonas sp. 15C5 for

519 24 h at room temperature (22 °C). Embryos from these animals were collected by bleaching and
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520  placed onto fresh NGM agar plates seeded with BIGb0446. Percent surviving were counted after

521 24 h at room temperature (22 °C) unless otherwise noted.

522

523  Osmotic stress and P. vranovensis multiple stress adaptation assays. Young adult animals that

524  were grown on NGM agar plates seeded with E. coli HB101 were collected and transferred to
525  new 50 mM NaCl control plates seeded with E. coli HB101, 300 mM NaCl plates seeded with E.
526  coli HB101, 50 mM NaCl control plates seeded with P. vranovensis BIGb0446, or, 300 mM

527  NaCl plates seeded with P. vranovensis BIGb0446. Animals were grown for 24 hours at room
528  temperature (22 °C). Embryos from these animals were collected by bleaching and transferred to
529  new 500 mM NaCl plates seeded with E. coli HB101 or 50 mM NaCl plates seeded with

530  P. vranovensis BIGb0446. Percent of animals developing or surviving was scored after 24 hours

531  at room temperature as previously described in Burton et al., 2017 and Burton et al., 2020.

532

533 Preparation of N. parisii_spores. Spores were prepared as described previously (Willis et al.,

534 2021). In brief, large populations of C. elegans N2 were infected with microsporidia spores.
535  Infected worms were harvested and mechanically disrupted using 1 mm diameter Zirconia beads
536  (BioSpec). Resulting lysate was filtered through 5 pum filters (Millipore Sigma™) to remove
537  nematode debris. Spore preparations were tested for contamination and those free of contaminating

538  bacteria were stored at -80°C.

539

540  N. parisii infection assays and multiple stress adaptation assays. PO populations of 2500 animals

541 were mixed with 1 ml of 10X saturated E. coli OP50-1 or P. vranovensis and a low dose of

542 N. parisii spores (see Table 1) and plated on a 10 cm plate. This low dose limited the detrimental
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543  effects on animal fertility that are observed with higher doses, while ensuring most animals were
544  still infected. F1 populations of 1000 animals were mixed with 400 ul of 10X saturated E. coli

545  OPS50-1 and a high dose of N. parisii spores (see Table 1) and plated on a 6 cm plate.

546

547  Table 1. Details of N. parisii doses employed.

N. parisii | Plate concentration Millions of spores used
2
dose (spores/cm) 6 cm plate 10 cm plate
Low ~32,000 2.5
High ~88,000 2.5

548

549  To test for inherited immunity to N. parisii in C. elegans, C. briggsae, C. tropicalis and
550  C. kamaaina, synchronized animals were infected from the L1 larval stage with a low dose of N.
551  parisii. C. elegans and C. briggsae were grown for 72 hours at 21°C; C. tropicalis and C.
552 kamaaina were grown for 96 hours at 21°C. Ten percent of total PO animals were fixed in acetone
553  for DY96 staining, as described below. Embryos from the remaining animals were collected by
554  bleaching and synchronized by hatching overnight in M9. Resulting F1 animals were infected from
555  the L1 larval stage with a high dose of N. parisii. C. elegans and C. briggsae were fixed at 72

556  hours post infection (hpi) at 21°C; C. tropicalis and C. kamaaina were fixed at 96 hpi at 21°C.

557

558  For multiple stress adaptation assays using N. parisii and osmotic stress, animals were grown on
559  NGM agar plates seeded with 10X saturated E. coli OP50-1 until the L4 stage. Next, animals were
560  collected and mixed with 1 ml of either E. coli OP50-1 alone or supplemented with a low dose of
561  N. parisii spores and plated on either 50 mM NaCl or 250 mM NaCl plates. Animals were grown

562  for 24 hours at 21°C. Embryos from these animals were collected by bleaching. To test adaptation
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563  to osmotic stress, 2000 F1 embryos were transferred to 420 mM NaCl plates seeded with E. coli
564  OPS50-1. Percentage of animals hatched was scored after 48 hours at 21°C, as previously described
565 in Burton et al., 2017 and Burton et al., 2020. To test adaptation to N. parisii, the remaining
566  embryos were synchronized by hatching overnight in M9. Resulting F1 animals were either not
567 infected as controls, or infected at the L1 larval stage with a high dose of N. parisii. Animals were

568  fixed after 72 hours at 21°C for DY96 staining and analysis.

569

570  For multiple stress adaptation assays using N. parisii and P. vranovensis, animals were grown on
571  NGM agar plates seeded with E. coli OP50-1 until the L4/young adult stage. Next, animals were
572 collected and mixed with 1 ml of either E. coli OP50-1 alone or E. coli OP50-1 supplemented with
573 alow dose of N. parisii spores, or 1 ml of P. vranovensis BIGb0446 alone or P. vranovensis
574  BIGb0446 supplemented with a low dose of N. parisii spores. Animals were plated on NGM and
575  grown for 24 hours at 21°C. Embryos from these animals were collected by bleaching. To test
576  adaptation to P. vranovensis, 2000 F1 embryos were transferred to new NGM plates seeded with
577  P. vranovensis BIGb0446. Percentage of animals surviving was scored after 24 hours at 21°C as
578  previously described in Burton et al., 2017 and Burton et al., 2020. To test adaptation to N. parisii,
579  the remaining embryos were synchronized by hatching overnight in M9. Resulting F1 animals
580  were either not infected as controls, or infected from the earliest larval stage with a high dose of

581  N. parisii. Animals were fixed after 72 hours at 21°C for DY96 staining and analysis.

582

583  Fixation and staining of N. parisii infection. Worms were washed off plates with M9 and fixed

584 in 1 ml acetone for 10 min at room temperature, or overnight at 4°C. Fixed animals were

585  washed twice in 1 ml PBST (phosphate buffered saline (PBS) containing 0.1% Tween-20)
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586  before staining. Microsporidia spores were visualized with the chitin-binding dye Direct
587  Yellow (DY96). For DY96 staining alone, animals were resuspended in 500 pl staining
588  solution (PBST, 0.1% sodium dodecyl sulfate [SDS], 20 ug/ml DY96), and rotated at 21°C for
589 30 min in the dark. DY96-stained worms were resuspended in 20 pl EverBrite™ Mounting
590  Medium (Biotium) and mounted on slides for imaging. Note: to pellet worms during fixation

591 and staining protocols, animals were centrifuged for 30 seconds at 10,000 xg.

592

593  Image analysis of N. parisii infection. Worms were imaged with an Axioimager 2 (Zeiss). DY96-

594  stained worms were imaged to determine number of embryos per worm. Worms possessing any
595 quantity of intracellular DY96-stained microsporidia were considered infected. Precise
596  microsporidia burdens were determined using ImageJ/FIJI (Schindelin et al., 2012). For this, each
597  worm was defined as an individual ‘region of interest’ and fluorescence from GFP (DY 96-stained
598  microsporidia) subject to ‘threshold’ and ‘measure area percentage’ functions on ImageJ. Images
599  were thresholded to capture the brighter signal from microsporidia spores, while eliminating the
600 dimmer GFP signal from worm embryos. Final values are given as % fluorescence for single

601 animals.

602

603  Preparation of OP50 for plating worms. One colony of E. coli strain OP50 was added to 100mL

604  of LB and grown overnight at room temperature then stored at 4°C. 1 or 5 drops of HB101 were
605  added to 6 or 10 cm plates of NGM, respectively, to use for growing worm strains and recovering

606 them from starvation.

607
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608  Preparation of HB101 for liquid culture. One colony of E. coli strain HB101 was added to a SmL

609 starter culture of LB with streptomycin and grown for 24 hours at 37°C. The starter cultures were
610 then added to a 1L culture of TB and grown for another 24 hours at 37°C. The bacteria was
611  centrifuged for 10 min at 5000 RPM to form a pellet. After being weighed, the bacteria was then
612  resuspended in S-complete to create a 10x (250mg/mL) stock that was stored at 4°C. Further

613  dilutions with S-complete were used to create the dilutions for each condition in this experiment.

614

615  Dietary restriction/dilution series cultures. For C. elegans, C. briggsae and C. tropicalis, 10 L4

616  hermaphrodite worms were picked onto 3 10 cm plates seeded with OP50, and for C. kamaaina
617 10 L4 females and ~20 males were picked onto 3 10 cm plates. For all species, adults were removed
618  after 24 hours. C. elegans and C. briggsae were grown for 96 hours before bleaching and
619 C. tropicalis and C. kamaaina were grown for 120 hours before bleaching due to slower growth
620 and longer generation time. After bleaching, worms were aliquoted into 100 mL cultures of S-
621 complete at 1 worm/100 pL with a concentration of 25mg/mL, 12.5mg/mL 6.25mg/mL,
622  3.13mg/mL or 1.6 mg/mL of HB101 and kept in 500mL flasks in shaking incubators at 20°C and
623 180 RPM. Worms were grown in these cultures for 96 hrs (C. elegans), 102 hrs (C. briggsae) or
624 120 hrs (C. tropicalis and C. kamaaina) before being bleached and prepared for starvation cultures.
625  Due to slow development and inability to properly scale up in liquid culture, 1.6mg/mL cultures
626  for C. briggsae and 1.6 and 3.13 mg/mL cultures for C. kamaaina were excluded from the rest of

627  this experiment.

628
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629  Starvation cultures. After bleach, embryos were placed into SmL virgin S-basal cultures in 16 mm

630  glass test tubes on a roller drum at 20°C at 1 worm/uL. Worms were aliquoted out of this culture

631  using micropipettes for further assays.

632

633  Measuring L1 size. 24 hours after bleach (~12 hours after hatch), 1000 L1s were pipetted out of

634  the starvation cultures, spun down in 15mL plastic conical tubes by centrifuge for 1 min at 3000
635  RPM then plated onto unseeded 10cm NGM plates. L1s were imaged with a Zeiss Discovery.V20
636  stereomicroscope at 77x and measured using Wormsizer (Moore et al., 2013). Ad libitum
637  concentration was defined as 25mg/mL and dietary restriction concentration was determined based
638  on what concentration of HB101 produced the largest average L1 size for each strain. For C.
639  elegans, this was 3.13mg/mL, and 8-fold dilution from ad libitum and consistent with previous
640  determinations for dietary restriction in C. elegans (Hibshman et al., 2016). For C. briggsae, peak
641 L1 size varied between 12.5mg/mL and 6.25 mg/mL depending on replicate. We chose to use 6.25
642 mg/mL as the dietary restriction concentration to be consistent with replicates that were already
643  being processed. The peak L1 size and determination of dietary restriction for C. tropicalis was
644  6.13 mg/mL. C. kamaaina did not show a significant change in L1 size across conditions and was
645  ultimately excluded from the brood size assay due to difficulty interpreting effects of starvation

646  on brood size in a male-female strain.

647

648 LI size statistics. A linear mixed effects model was performed on the L1 size data to see if there

649  was a significant effect of HB101 concentration on L1 size. The Ime4 package in R studio was
650 used to perform this linear mixed effects test. The function Imer() was used on data from each

651  species, for example:_* Imer(length ~ condition + (1 | replicate) + (1 | replicate:condition), data =
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652  C_elegans), “length” is the length in microns of each individual worm, “condition” is the fixed
653  effect of the concentration of HB101, “I | replicate” is the addition of the random effect of replicate
654  to the model, “1 | replicate:condition” is the addition of the random effect per combination of

655  replicate and condition, and “data” is the primary spreadsheet restricted by the species of interest.

656

657  Gene orthology inference among species. To identify one-to-one orthologues across the four

658  species, we downloaded protein and GFF3 files for C. elegans, C. briggsae, and C. tropicalis
659 genomes from WormBase (Harris et al., 2020) (version WS275) and for the C. kamaaina
660 genome from caenorhabditis.org (version v1). We assessed gene set completeness using
661 BUSCO (Simao et al., 2015) (version 4.0.6; using the parameter -m proteins) using the
662  ‘nematoda odbl0’ lineage dataset. For each species, we selected the longest isoform for each
663  protein-coding gene using the agat_sp_keep_longest_isoform.pl script from AGAT (Jacques
664  Dainatetal., 2021) (version 0.4.0). Filtered protein files were clustered into orthologous groups
665  (OGs) using OrthoFinder (Emms and Kelly, 2019) (version 2.4.0; using the parameter -og) and
666  one-to-one OGs were selected.

667

668  F1 and F3 sample collection for RNA-seq. Young adult animals grown on NGM agar plates

669  seeded with E. coli HB101 were collected and transferred to new plates seeded with either
670  control plates (50 mM NaCl) seeded with E. coli HB101, P. vranovensis BIGb0446,
671  P.vranovensis BIGb0427, S. plymuthica BUR1537, Pseudomonas sp. 15C5, Aeromonas sp.
672  BIGb0469, or plates containing 300 mM NaCl seeded with E. coli HB101. Animals were
673  grown for 24 hours at room temperature (22 °C). Embryos from these animals were collected

674 by bleaching and immediately frozen in 1 mL Trizol.
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675  Analysis of RNA-Seq data. RNA libraries were prepared and sequenced by BGI TECH

676  SOLUTIONS using 100PE DNBseq Eukaryotic Transcriptome service. Quality controlled
677  and adapter trimming of RNA reads were performed using fastp-v4.20.0 (Chen et al., 2018)
678  (--qualified_quality_phred 20 --unqualified_percent_limit 40 --length_required 50 --

679  low_complexity_filter --complexity_threshold 30 --detect_adapter_for_pe --correction --
680  trim_poly_g --trim_poly_x \ --trim_front1 2 --trim_taill 2 --trim_front2 2 --trim_tail2 2) 1).
681  Next, reads were aligned using STAR-2.7.1a (Dobin et al., 2013) (--alignSJoverhangMin 8 --
682  alignSJIDBoverhangMin 1 --outFilterMismatchNmax 999 --

683  outFilterMismatchNoverReadLmax 0.04 --alignIntronMin 10 --alignlntronMax 1000000 --
684  alignMatesGapMax 1000000 --outFilterType BySJout --outFilterMultimapNmax 10000 --
685  winAnchorMultimapNmax 50 --outMultimapperOrder Random) 2) against the genome of
686  C. elegans WS275, C. briggsae WS275, C. tropicalis WS275 and the C. kamaaina genome
687  obtained from caenorhabditis.org. Read counts were obtained using subread-2.0.0 (-M -O -p -
688  -fraction -F GTF -a -t exon -g gene_id) (Liao et al., 2014) 3) using the annotation for

689  C. elegans PRINA13758.WS275, C. briggsae PRINA10731.WS275, C. tropicalis

690 PRINAS53597.WS275, and C. kamaaina Caenorhabditis_kamaaina_QG2077_v1. Counts

691  were imported into R and differential gene expression analysis was performed with DESeq?2

692 (FDR <0.01) (Love et al., 2014).

693

694  For comparisons made between different species, genes were subsetted to include only those
695 7,587 single copy ortholog groups that were identified between the four species. In addition
696  to the 7,203 genes that were identified as single copy ortholog groups by OrthoFinder, the

697 7,587 contain an additional 385 ortholog groups that were identified as having more than one
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ortholog in one out four of the species but where all but one of the multiple orthologs had no

observable expression in any of the samples collected.

For the comparison between the stress response and gene expression during embryo
development, data was downloaded from Boeck et al., 2016 and imported in R with raw
counts from this study. The range of embryo expression for each gene was considered as one
standard deviation plus / minus the mean of regularised log normalised counts across all
embryo time points. DEGs from the stress experiments where the regularised log normalised
counts for one or both of the comparison samples ( for all replicates ) were outside of the

embryo range were considered unlikely to be caused by developmental timing.

L4+ developmental rate assays. Young adult animals that were grown on NGM agar plates

seeded with E. coli HB101 were collected and transferred to new plates seeded with E. coli
HB101, Pseudomonas sp. 15CS5, S. plymuthica BUR1537, or Aeromonas sp. BIGb0469.
Animals were grown for 24 hours at room temperature (22°C). Embryos from these animals
were collected by bleaching and transferred to new plates seeded with 1 mL of E. coli HB101
Pseudomonas sp. 15CS, S. plymuthica BUR1537, or Aeromonas sp. BIGb0469. Percent of

animals that reached the L4 larval stage was scored after either 48 hours or 72 hours at 22°C.

Identification of Pseudomonas sp. /15C5 and S. plymuthica BURI537. Samples of rotting fruit

and vegetation were collected from around Cambridge (UK) in 50 mL vials. For isolation of

wild bacteria, the samples were homogenized and resuspended in M9 and plated on LB Agar,
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720  Nutrient Agar, or Actinomycete Isolation Agar plates and grown at either 37°C or 30°C for 24
721  hours. Single colonies were isolated from the plates and grown in LB or Nutrient Broth at the
722 same temperature overnight. Stocks were frozen and stored at —80 °C in 20% glycerol. 1,537
723  total isolates were obtained and frozen. C. elegans embryos were placed onto NGM agar plates
724  seeded with each of the 1,537 bacterial isolates. Bacterial isolates that caused substantial delays
725  in animal development or lethality were further analyzed for isolates where parental exposure
726  to the isolate for 24 hours modified offspring phenotype when compared to offspring from
727  parents fed the normal laboratory diet of E. coli HB101. Bacterial genus and species were

728  identified by 16S rRNA profiling and sequencing.

729

730  RNAi in C. kamaaina. dsDNA corresponding to the C. kamaaina orthologues of cysi-1, rhy-1,

731  mek-2 and gpdh-2 was synthesized and cloned into the L4440 vector by GENEWIZ (Takeley,
732 UK). Vectors were transformed in E. coli HT115. C. kamaaina embryos were collected by
733 bleaching and placed onto NGM agar plates containing 1 mM IPTG that were seeded with E.
734 coli HT115 transformed with either the L4440 empty vector or each of the new vectors and
735  grown at room temperature (22°C) for 48 hours. After 48 hours animals were transferred to
736 new 50 mM NaCl control plates seeded with E. coli HB101, 300 mM NaCl plates seeded with
737  E. coli HB101, or 50 mM NaCl control plates seeded with P. vranovensis BIGb0446. Animals
738  were grown for 24 hours at room temperature (22 °C). Embryos from these animals were
739  collected by bleaching and transferred to new 500 mM NaCl plates seeded with E. coli HB101
740  or 50 mM NaCl plates seeded with P. vranovensis BIGb0446. Percent of animals developing
741  or surviving was scored after 24 hours at room temperature as previously described in Burton
742 etal., 2017 and Burton et al., 2020.

743
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744 Statistics and reproducibility. Sample sizes for experiments involving C. elegans were selected

745  based on similar studies from the literature and all animals from each genotype and condition
746  were selected and analyzed randomly. All replicate numbers listed in figure legends represent
747  biological replicates of independent animals cultured separately, collected separately, and
748  analyzed separately. Unpaired two-tailed Student’s z-test was used for Fig. 1B, 1D, 1F, 2E, 2J,
749  4C, 4D, and Supplemental Fig. 2. Two-way ANOVA was used for Fig. 1C, 1E, 3A-G, and
750  Supplemental Fig. 1. One-way ANOVA was used for Fig. 4A, 4B, and Supplemental Fig. 3. *
751 =P <0.05,*=P<0.01, =P <0.001, ***P <0.0001. The experiments were not randomized.
752 The investigators were not blinded to allocation during experiments and outcome assessment.
753  Source data for all graphs can be found in the Source Data Supplemental Table.
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Supplemental Figure 1. Intergenerational responses to environmental stress are
conserved in wild isolates of Caenorhabditis species. (a) Percent of wild-type C. elegans
(N2) and C. briggsae (JU1348) animals surviving after 24 hours on plates seeded with P.
vranovensis BIGb0446. Data presented as mean values + s.d. n=3 experiments of >100
animals. (b) Percent of wild-type C. elegans (N2) and C. briggsae (SX1125) animals
surviving after 24 hours on plates seeded with P. vranovensis BIGb0446. Data presented
as mean values + s.d. n= 3 experiments of >100 animals. (c) Percent of wild-type C.
elegans isolates surviving after 24 hours on plates seeded with P. vranovensis BIGb0446.
Data presented as mean values £ s.d. n= 3 experiments of >100 animals. (d) Percent of
wild-type C. kamaaina animals mobile and developing at 500 mM NaCl after 24 hours.
Data presented as mean values * s.d. n= 3 experiments of >100 animals.
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Supplemental Figure 2. N. parisiiinfects C. briggsae, C. kamaaina, and C. tropicalis. N.
parisiiinfects C. briggsae, C. kamaaina, and C. tropicalis. Percent of animals
exhibiting detectable infection by N. parisii as determined by DY96 staining after
72 h for C. elegans and C. briggsae, or 96 h for C. kamaaina and C. tropicalis.
Data presented as mean values £ s.e.m. n=3 experiments of 68-115 animals
(1A), 27-102 animals (1B), 38-104 animals (1C).
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958
Supplemental Figure 3. Differences in developmental timing are insufficient to explain a
majority of the observed differences in gene expression in the offspring of stressed
parents. (A) PCA of gene expression from Boeck et al. (2016) compared to RNA-seq data
reported in the study. Time points of development are in minutes, t60 = 60 minutes post
fertilization. (B) Percentage of genes differentially expressed in the offspring of parents
exposed to different stresses that exhibit DESeg2 normalized counts that fall within or
outside one standard deviation of the average normalized counts observed throughout all
developmental timepoints from Boeck et al. (2016). (C) Total number of genes
differentially expressed in the offspring of parents exposed to different stresses that
exhibit DESeqg2 normalized counts that fall within or outside one standard deviation of the
average normalized counts observed throughout all developmental timepoints from Boeck
et al. (2016). (D) rhy-1 normalized counts from all time points during development from
Boeck et al. (2016), the offspring of parents exposed to E. coli HB101 (this study), or the
offspring of parents exposed to P. vranovensis (this study). (E) cys/-2 normalized counts
from all time points during development from Boeck et al. (2016), the offspring of parents
exposed to E. coli HB101 (this study), or the offspring of parents exposed to P.
vranovensis (this study).
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970

Supplemental Figure 4. Parental exposure to Aeromonas sp. BIGb0469 and S.
plymuthica BUR1537 does not protect offspring from P. vranovensis. Percent of wild-type
C. elegans (N2) animals surviving after 24 hours on plates seeded with P. vranovensis
BIGb0446. Data presented as mean values +s.d. n=3 experiments of >100 animals.
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