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M I C R O B I O L O G Y

A parental transcriptional response to microsporidia 
infection induces inherited immunity in offspring
Alexandra R. Willis†, Winnie Zhao†, Ronesh Sukhdeo, Lina Wadi, Hala Tamim El Jarkass,  
Julie M. Claycomb, Aaron W. Reinke*

Parental infection can result in the production of offspring with enhanced immunity phenotypes. Critically, the 
mechanisms underlying inherited immunity are poorly understood. Here, we show that Caenorhabditis elegans 
infected with the intracellular microsporidian parasite N. parisii produce progeny that are resistant to micro
sporidia infection. We determine the kinetics of the response and show that intergenerational immunity prevents 
hostcell invasion by Nematocida parisii and enhances survival to the bacterial pathogen Pseudomonas aeruginosa. 
We demonstrate that immunity is induced by the parental transcriptional response to infection, which can be 
mimicked through maternal somatic depletion of PALS22 and the retinoblastoma protein ortholog, LIN35. 
We find that other biotic and abiotic stresses (viral infection and cadmium exposure) that induce a similar tran
scriptional response as microsporidia also induce immunity in progeny. Together, our results reveal how a pa
rental transcriptional signal can be induced by distinct stimuli and protect offspring against multiple classes of 
pathogens.

INTRODUCTION
Animals have evolved diverse immune mechanisms to limit the 
negative impact of pathogens and parasites on host fitness. While 
immunological memory is typically considered a hallmark of the 
antibody-mediated adaptive immune system, memory of pathogen 
exposure has now been documented in animals lacking adaptive 
immunity. Although invertebrates only have innate immunity, at 
least 20 species, including insects, crustaceans, and mollusks, have 
now been shown to transfer protective immunity to their progeny 
following infection (1). Although this epigenetically inherited im-
munity can protect offspring against a variety of bacterial, fungal, 
and viral pathogens, it is largely unclear how immunity is induced. 
Several reports have described the deposition of bacterial cell-wall 
fragments in offspring following parental infection, as well as im-
mune genes being up-regulated in both parents and their progeny 
(2, 3). Immune priming can be specific, whereby immunity is only 
active against the same strain of bacteria with which the parents were 
infected (4, 5). Conversely, it may be broad; for example, mealworm 
beetles primed with either fungi or a Gram-positive or Gram-negative 
bacteria induce immunity against Gram-positive pathogens (6). Al-
though the effectors that provide immunity in the progeny are mostly 
unknown, antimicrobial peptides are often up-regulated in off-
spring (1, 2, 6).

Studies in the genetically tractable nematode Caenorhabditis elegans 
have enabled fundamental immune advances and shed light on many 
epigenetically inherited and stress-induced phenotypes (7–9). Hence, 
C. elegans has recently become a powerful model for the study of 
inherited innate immunity (10). In this host, antiviral immunity, 
mediated by the small RNA–mediated silencing of viral transcripts, 
was shown to last for at least three generations and be dependent on 
RNA interference (RNAi) pathways (11). Although there are con-
flicting reports about whether the natural Orsay virus can induce 
heritable immunity in C. elegans, injection with vesicular stomatitis 

virus was able to protect progeny against reinfection (12–14). Several 
studies have shown that learned bacterial avoidance can be trans-
ferred to progeny. In one case, heritable avoidance to Pseudomonas 
aeruginosa bacteria was dependent on RNAi pathways and a bacte-
rial RNA used by C. elegans to inhibit host gene expression (15–17). 
Parental exposure to pathogenic bacteria can also protect offspring 
by increasing the likelihood of progeny adopting a stress-resistant 
dauer phenotype (18). Last, resistance can be induced by up-regulating 
immune genes in offspring. For example, intergenerational immunity 
to pathogenic Pseudomonas vranovensis is dependent on the induced 
expression of cysteine synthases (19).

Microsporidia are a large phylum of fungal-related parasites that 
infect most animal species (20). These pathogens can be lethal to 
immunocompromised humans and cause large economic losses by 
infecting agriculturally important animals such as honey bees, silk 
worms, and shrimp (21). Nematocida parisii is a natural microsporidia 
parasite that commonly infects C. elegans in the wild. Infection of 
C. elegans by N. parisii begins when microsporidia spores are in-
gested (22). Spores inside the intestinal lumen then fire a unique 
polar-tube structure that is used to transfer the cellular contents of 
the spore (sporoplasm), including the parasite’s genetic material, into 
the host intestinal cell (23). The pathogen then replicates intracellularly 
to form meronts and spreads from cell to cell by fusing the cells and 
forming syncytia (24). These meronts ultimately differentiate into 
mature spores, which exit infected cells nonlytically, and can result 
in the shedding of up to 200,000 spores during infection (22, 25). 
Microsporidia are pathogenic to C. elegans, resulting in reduced fe-
cundity and ultimately death (24, 26).

Several mechanisms of innate immunity against microsporidia 
have been described in invertebrates. Microsporidia infection typi-
cally induces a strong host transcriptional response, which often 
includes up-regulation of a suite of different antimicrobial peptides 
(27). Although antimicrobial peptides are commonly up-regulated 
in other invertebrates, and C. elegans have many different families 
of these proteins, so far, only C-type lectins have been shown to be 
up-regulated upon N. parisii infection (28, 29). Instead, C. elegans 
has a recently identified stress/immune pathway called the “intracellular 
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pathogen response” (IPR) that is induced upon infection by both mi-
crosporidia and Orsay virus (28, 30). The IPR includes up-regulation 
of ubiquitin adaptor proteins and is thought to be involved in clear-
ing intracellular parasites (28, 31, 32).

In this study, we reveal robust resistance to microsporidia in the 
offspring of N. parisii–infected C. elegans. We show that inherited 
immunity markedly reduces host-cell invasion by N. parisii and also 
provides resistance to the bacterial pathogen P. aeruginosa. We find 
that immunity is conferred in a dose-dependent manner, lasts through-
out development, and is maintained for a single generation. Using 
tissue-specific depletion or expression of negative regulators of the 
IPR (LIN-35 and PALS-22), we demonstrate that immunity in progeny 
is dependent on a parental transcriptional response and that this 
immunity is transferred from maternal somatic tissues to the prog-
eny. The host transcriptional response and thus inherited immunity 
can be induced by both biotic and abiotic stresses that mimic the 
response to microsporidia. Together, these results provide insight 
into how inherited immune responses can be induced to protect 
offspring against pathogenic infection.

RESULTS
Parental infection by N. parisii confers immunity to  
C. elegans progeny in a dose-dependent manner
Infection of C. elegans with the natural microsporidian pathogen 
N. parisii delays development and affects worm fertility (23, 33). To 
quantify the effects of infection, we exposed early larval stage (L1) 
animals to varying doses of N. parisii spores. At 72 hours post-infection 
(hpi), animals were fixed and stained with the chitin-binding dye 
Direct Yellow 96 (DY96) (fig. S1, A and B). DY96 stains both micro-
sporidia spores and worm embryos, allowing us to determine both 
parasite burden and host reproductive development. Worms infect-
ed with higher doses of spores exhibited greater parasite burden and 
a smaller body size at 72 hpi (fig. S1, C and D). Higher infection 
doses also correlated with a reduction in the percentage of gravid 
adults (animals carrying embryos) and a reduction in the number of 
embryos per animal (fig. S1, E and F). In agreement with these find-
ings, infection of transgenic animals expressing a fluorescent protein 
in the germ line revealed germline deformities in worms exposed to 
high doses of spores (fig. S1G).

To determine the effects of parental infection on offspring, we 
infected parental (P0) generations at the L1 stage with a “very low,” 
“low,” or “moderate” dose of N. parisii that resulted in a ~10 to 50% 
reduction in the number of gravid adults (fig. S1E). At 72 hpi, in-
fected adults were treated with a sodium hypochlorite solution to re-
lease the F1 embryos from adults and destroy microsporidia spores. 
As N. parisii infection is not vertically transmitted, resultant larvae 
are not infected with microsporidia (fig. S2) (26). F1 generations of 
synchronized L1s were then exposed to a high dose of spores. Imaging 
revealed a quantifiable reduction in the parasite burden of primed 
worms from infected parents, as compared to naïve worms from 
uninfected parents (Fig. 1, A and B). Immunity in F1 progeny was 
dose dependent; parents experiencing a higher infection burden 
gave rise to offspring that were more resistant to N. parisii. In agree-
ment with our data for parasite burden, we saw that primed worms 
under infection conditions were larger and produced significantly 
more embryos than their naïve counterparts (Fig. 1, C to E). Together, 
these data reveal a robust and dose-dependent immunity phenotype 
in the offspring of N. parisii–infected worms.

Primed worms showed no fitness advantage under noninfection 
conditions and were indeed smaller and contained fewer embryos 
than worms from uninfected parents (fig. S3). As infected worms 
are developmentally delayed, we tested the effects of parental devel-
opmental timing on offspring immunity. We did not observe any 
differences in infection outcomes of naïve progeny from parents of 
different ages, demonstrating that immunity is not conferred by de-
layed parental development (fig. S4).

Inherited immunity prevents microsporidia invasion events 
by restricting spores in the intestine
To resist microsporidia infection, animals may (i) prevent invasion 
of intestinal cells or (ii) destroy the invaded pathogen (23, 32). To 
determine by which mechanism inherited immunity confers resis-
tance to N. parisii, we first performed invasion assays. Naïve or 
primed L1 worms were exposed to a high dose of spores and fixed at 
30 min post-infection (mpi) or 3 hpi. To visualize invasion events in 
these animals, we performed fluorescence in situ hybridization 
(FISH) to detect N. parisii 18S ribosomal RNA in host intestinal 
cells, thus indicating the presence of intracellular sporoplasms. Our 
analysis revealed significantly fewer invasion events in primed ani-
mals at both time points, including an over 98% reduction in infec-
tious events at 30 mpi (Fig. 2, A and B, and fig. S5A). To determine 
whether spores were present in the intestinal lumen, we also stained 
animals with DY96. Notably, we also observed far fewer spores in 
the guts of primed animals (Fig. 2, C and D, and fig. S5B).

To test whether a reduction of spores in our primed worms was 
a result of reduced feeding, we allowed naïve and primed L1 stage 
worms to feed on fluorescent beads. After 30 min or 3 hours, we 
fixed the populations and quantified fluorescence in individual an-
imals. We failed to detect any reduction in feeding in primed worms 
at either time point (Fig. 2E and fig. S5C). At the 3-hour time point, 
primed animals actually fed significantly more than naïve worms, 
indicating that microsporidia invasion results in reduced feeding in 
C. elegans (fig. S5C).

We next tested whether a small lag in development of primed 
worms at the early L1 stage contributes to their immunity. Naïve 
and primed worms were exposed to spores immediately after initi-
ating development or exposed to spores after 6 hours of growth on 
their typical Escherichia coli food source. The number of sporoplasms 
was quantified at 30 mpi, showing that after 6 hours of rest, primed 
worms still displayed significantly reduced microsporidia invasion 
(fig. S5D).

To test whether enhanced clearance of intracellular infection might 
also contribute to microsporidia resistance in primed animals, we 
performed pulse-chase experiments (23). Here, naïve and primed 
animals were maintained in the presence of high concentrations of 
N. parisii spores for 3 hours, before washing thoroughly to remove 
any microsporidia spores not inside the animals. The population was 
then split; half was immediately fixed to represent the initial infec-
tion, and the other half was maintained in the absence of spores until 
a 24-hour end point when they were fixed to assess clearance. De-
tection of sporoplasms using 18S RNA FISH and subsequent quan-
tifications showed no evidence of intracellular pathogen clearance 
in the primed animals (fig. S5E). These data suggest that limiting 
invasion is the principal way by which inherited immunity provides 
protection against microsporidia.

To provide insight into the mechanisms underlying protection in 
primed animals, we next tested the specificity of the immune response. 
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For this, we assayed resistance to the extracellular Gram-negative bac-
terial pathogen P. aeruginosa (strain PA14) using a well-established 
“slow killing” protocol (7). Here, naïve or N. parisii–primed animals 
were plated on wild-type PA14 at the L1 stage, and survival was assayed 

at 84 hpi. Primed worms were significantly less susceptible to P. aeruginosa 
infection than naïve animals (Fig. 2F). Slow killing by P. aeruginosa 
occurs as a result of bacterial accumulation in the gut (34). To visualize 
bacterial burden in our naïve and primed worms, we performed infection 
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Fig. 1. Parental infection by N. parisii confers immunity to the progeny of C. elegans. L1 stage N2 C. elegans were uninfected or exposed to varying concentrations of 
N. parisii spores (doses defined in Materials and Methods) for 72 hours. F1 L1 larvae were collected and infected with a high dose of N. parisii, fixed at 72 hpi, and stained 
with DY96. (A) Representative images of F1 populations stained with DY96, which binds to worm embryos and N. parisii spores. Scale bars, 200 m. (B) Quantitation of 
DY96 fluorescent spores per worm. (C) Quantitation of worm area. (D) Percentage of worms that are gravid. (E) Number of embryos per worm. (B to E) Means ± SEM (horizontal 
bars) are shown. Data pooled from three independent experiments using n = 20 (B, C, and E) or n = 98 to 351 (D) worms per condition per experiment. The P values were 
determined by unpaired two-tailed Student’s t test. Significance with Bonferroni correction was defined as P < 0.0166. **P < 0.0033; ***P < 0.00033.
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assays using dsRed-expressing PA14. At 48 hpi, we fixed and quan-
tified fluorescence in our naïve and primed populations. In agreement 
with the data from survival assays, the bacterial burden in microsporidia- 
primed animals was significantly reduced (Fig. 2, G and H, and fig. 
S5F). A similar reduction in the bacterial burden of primed worms 
was observed using assays to quantify colony-forming units (CFUs) 
(fig. S5G). Together, these results suggest that a host intestinal fac-
tor may be protecting primed worms from infection by destroying 
microsporidia spores and other pathogenic microbes within the in-
testinal lumen.

To test whether inherited immunity could protect against all classes 
of pathogens, we tested the response of N. parisii–primed animals to 
the intracellular intestinal pathogen Orsay virus. Unexpectedly, 
FISH staining revealed that primed worms were similarly susceptible 
to Orsay virus as their naïve counterparts (Fig. 2I and fig. S5H). This 
result is particularly notable given the significant overlap between 
the transcriptional responses induced by Orsay virus and N. parisii, 
with both activating IPR genes (28). PALS-22 is a negative regulator 
of the IPR, and a loss-of-function mutation in pals-22 results in an-
imals with a constitutively activated IPR that are resistant to viral 
and microsporidia infection but not to P. aeruginosa (Fig. 2I and fig. 
S5I) (31). Mutants deficient for pals-22 limit microsporidia infection 
by preventing invasion and clearing invaded parasites (fig. S5I). 

Thus, IPR-mediated immunity is distinct in several ways from the 
immunity found in primed animals.

Inherited immunity to N. parisii lasts a single generation 
and persists throughout development
We next sought to understand the kinetics of the inherited immune 
response to microsporidia infection. To determine whether immunity 
could be transmitted over multiple generations, we tested resistance 
to microsporidia in both the F1 and F2 progeny of N. parisii–infected 
worms. We observed resistance to microsporidia only in the F1 pop-
ulation, indicating that this response lasts for a single generation 
(Fig. 3, A and B, and fig. S6, A and B). To test the longevity of the 
inherited immune response within the F1 generation, we infected naïve 
and primed worms with N. parisii either at the L1 stage, 24 hours 
later at the L2/L3 stage, or 48 hours later at the L4 stage. After 30 mpi, 
worms were fixed and stained with a FISH probe to detect N. parisii, 
and the number of sporoplasms per individual was quantified. 
While immune-primed worms continued to show some resistance 
to infection at the L4 stage, resistance was strongest at the L1 stage 
of infection (Fig. 3C).

We next tested whether a greater ancestral history of infection might 
enhance immunity phenotypes and potentially enable the immune 
response to transmit over multiple generations. Animals were infected 
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Fig. 2. Inherited immunity prevents microsporidia invasion and P. aeruginosa colonization but not viral infection. L1 stage N2 C. elegans were either not infected 
or infected with a low dose of N. parisii spores for 72 hpi. (A to D) F1 L1 larvae were exposed to a maximal dose of N. parisii, fixed at 30 mpi, and stained with DY96 (green), as 
well as a FISH probe to detect N. parisii 18S RNA (red). (A) Representative images of worms stained with FISH probe to detect invaded sporoplasms, marked by asterisks. Scale 
bars, 25 m. (B) Number of sporoplasms per worm. Data pooled from three independent experiments using n = 16 to 20 worms per condition per experiment. 
(C) Representative images of worms stained with DY96 to detect spores, marked by asterisks, in the intestinal lumen. Scale bars, 25 m. (D) Number of spores per worm. 
Data pooled from three independent experiments using n = 20 to 21 worms per condition per experiment. (E) F1 L1 larvae were fed fluorescent beads and fixed after 
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for one, two, or three sequential generations with N. parisii (P0s, 
F1s, and F2s). Susceptibility to microsporidia was assessed in F3 an-
imals and in F4 animals following a single generation of rest with-
out infection (fig. S6, C to E). We found that an increased history of 
ancestral infections did not enhance immunity phenotypes among 
the F3 populations (Fig. 3, D and E). Furthermore, resistance was 
seen exclusively in the F3 animals, and no resistance was observed 
in the F4 generations (fig. S6, F and G).

We next wanted to determine for how long a parent must be 
infected with N. parisii to transmit immunity to progeny. For this, 

parental generations were infected as previously at the L1 stage for 
72 hours of total infection, or rested on their typical E. coli food 
source and subsequently infected as L2/L3s for 48 hours of total in-
fection or as L4s for 24 hours of total infection. Infection assays on 
the resulting F1 progenies showed that parental worms infected 
only briefly as L4s were still able to confer immunity phenotypes to 
offspring, although to a lesser extent than animals from parents in-
fected for longer periods (Fig. 3, F and G). As N. parisii takes over 
48 hours to sporulate (24), these results indicate that the early stages 
of microsporidian infection alone (i.e., invasion and replication) are 
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(A, B, and G) Significance was defined as follows: *P < 0.05; **P < 0.01. (C and F) Significance with Bonferroni correction was defined as follows: *P < 0.025; **P < 0.005; 
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sufficient to induce immunity in progeny. Together, these data show 
that inherited immunity protects the F1 progeny from infected par-
ents throughout development and supports a model in which the 
immediate parental environment is the most important factor in 
determining the immune competency of offspring.

The parental transcriptional response to infection triggers 
inherited immunity in offspring
N. parisii is an intestinal parasite that does not come into direct con-
tact with the C. elegans germ line, and how information is transferred 
from the soma to the germ line is not known (fig. S7A). To explore 
this, we tested whether mutants defective in small-RNA inheritance 
and histone modification were able to transmit immunity pheno-
types to offspring. We found that the offspring of N. parisii–infected 
mutants still became protected against infection (fig. S8) (19, 35). In 
addition, we found that the master immune regulator PMK-1 was 
not required for the induction of inherited immunity, consistent 
with this pathway not being involved in immunity to N. parisii (fig. 
S8, C and D) (26). These data indicate that the small RNA, histone 
modification, and PMK-1 pathways are not required for transmis-
sion of immunity.

To determine whether infection itself, or merely exposure to spores, 
is required for the transmission of inherited immunity from parent 
to progeny, we used heat-killed spores. Parent populations were ei-
ther uninfected, exposed to live N. parisii, or exposed to heat-killed 
spores. Unlike live spores, heat-killed spores fail to induce the IPR, 
as demonstrated using transcriptional reporters for key IPR genes 
(fig. S7, B and C) (28). Consistent with a requirement for infection 
and induction of the IPR to initiate inherited immunity, the off-
spring of parents exposed to heat-killed spores showed no enhanced 
protection against N. parisii infection (Fig. 4, A and B).

We next tested whether other environmental conditions that in-
duce a similar transcriptional response as microsporidia infection 
could also induce immunity in progeny. When analyzing mRNA 
sequencing data, we confirmed a previously noted similarity to the 
Orsay virus response and also noticed that the C. elegans response 
to N. parisii infection overlaps significantly with that of worms ex-
posed to the heavy metal cadmium (fig. S7D).

To explore a role for the transcriptional response in inducing 
inherited immunity, we first performed N. parisii infection assays 
on the offspring of untreated parents or parents exposed to either 
N. parisii or Orsay virus. We saw that the Orsay-primed F1 progeny 
of loss-of-function rde-1 mutants, but not N2 worms, showed sig-
nificantly reduced infection and improved fitness under microsporidia 
infection conditions, as compared to naïve controls (Fig. 4, C and D). 
This difference between the rde-1 genotype and N2 can be attributed 
to the increased susceptibility of rde-1 mutants to Orsay virus, al-
lowing the P0s to have an enhanced viral response (fig. S7E) (36).

We next assayed the susceptibility of cadmium-primed offspring 
to N. parisii infection. Notably, resistance to microsporidia was observed 
in the offspring of parents exposed to cadmium (Fig. 4, E and F). In 
addition, cadmium-primed progeny exposed to P. aeruginosa had 
significantly lower bacterial burden than naïve animals, supporting 
a role for the transcriptional response in transmitting immunity against 
both these classes of pathogens (fig. S7F). In support of primed an-
imals being specifically resistant to pathogen-induced stress rather 
than broadly resistant to all stresses, both infection-primed and 
cadmium-primed animals were less gravid than naïve worms when 
faced with a high concentration of cadmium (fig. S7G).

To test whether a stress that does not activate the IPR could induce 
inherited immunity, we grew parents under elevated salt conditions 
(fig. S7D) (37). While the salt-primed progeny of osmotically stressed 
parents were better able to cope with high-salt stress, these animals 
were significantly less fit than their naïve counterparts under N. parisii 
infection conditions (Fig. 4, G and H, and fig. S7H). Conversely, the 
offspring of N. parisii–infected animals were less viable than naïve 
animals under osmotic stress, further supporting a “cost” of prim-
ing (Fig. 4G). Together, these data support a role for the transcrip-
tional response in transmitting inherited immunity to offspring and 
highlight the complex relationships that underlie responses to abi-
otic and biotic stresses across generations.

Progeny of animals with an artificially activated 
transcriptional response are resistant to infection
In addition to the previously characterized pals-22 mutant, we also 
observed that mutants of lin-35, the C. elegans ortholog of retino-
blastoma protein (RB), induce a similar transcriptional response to 
microsporidia infection (fig. S7D) (38,  39). These mutants share 
extensive similarity with the transcriptional response to N. parisii, 
with 242 shared genes up-regulated at least twofold in both lin-35 
and pals-22, as well as N. parisii–infected worms (Fig. 5). To determine 
whether activating this host response in the absence of infection or 
environmental stimuli would induce immunity, we performed in-
fection assays in pals-22 and lin-35 mutants. In agreement with a 
role for the IPR in restricting infection, both pals-22 and lin-35 mu-
tants had a significantly lower parasite burden than wild-type ani-
mals (Fig. 6A). However, pals-22 and lin-35 mutants have defects 
resulting in fewer embryos, even when grown under normal condi-
tions. Thus, the number of embryos per worm in these mutants 
during infection conditions is similar to wild type (Fig. 6B).

Next, to determine whether transcriptional response activation 
in these mutants could induce immunity in progeny, we performed 
mating assays. We first examined the cross-progeny of pals-22 and 
lin-35 mutant hermaphrodites mated with wild-type males to deter-
mine whether parents with an up-regulated transcriptional response 
generated resistant F1s (Fig. 6C). The heterozygous cross-progeny 
of both mutants produced a similar number of embryos in uninfected 
conditions as wild type, as the developmental timing and brood size 
are recessive traits of pals-22 and lin-35 mutants. When infected 
with N. parisii, cross-progeny have a lower pathogen load and pro-
duce more embryos than wild-type animals (Fig. 6, D and E). On 
average, 57% of pals-22 and 77% of lin-35 maternal cross-progeny 
became gravid under infection conditions, compared to less than 
10% of wild-type animals (Fig. 6, F and G). In contrast, paternal 
cross-progeny, i.e., the offspring of wild-type hermaphrodites mat-
ed with males carrying either pals-22 or lin-35 mutations, do not 
exhibit improved reproductive fitness under infection conditions 
(Fig. 6, F and G). These results reveal that inherited immunity to 
microsporidia is maternally transferred and can be induced by tran-
scriptional activation alone.

The signal for offspring resistance can originate in multiple 
somatic tissues
To identify the tissues required to induce the transcriptional response 
and thereby transmit inherited immunity, we used two methods. First, 
we infected the maternal cross-progeny of pals-22 mutants carrying 
a transgene for wild-type pals-22 under an endogenous promoter or 
under a promoter specific for a single-tissue type where pals-22 is 
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typically expressed (30). While offspring of the pals-22 endogenous 
rescue strain were no longer resistant to infection, neuronal and 
hypodermal-specific rescue strains still produced more fit progeny 
but to a lesser extent than pals-22 mutants (Fig. 7, A and B). This 
indicates that a signal in the neuronal and hypodermal tissues may 
contribute to the transmission of inherited immunity but may not 

be crucial. The intestinal-specific rescue produced progeny that were 
less fit when infected than cross-progeny from pals-22 mutants, although 
this was not statistically significant, indicating that an intestinal signal 
could also contribute to transmission of immunity. The maternal cross- 
progeny of lin-35 mutants with wild-type lin-35 expressed under either 
an endogenous or intestine-specific promoter were no longer resistant 
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Fig. 4. The parental transcriptional response to N. parisii triggers inherited immunity. (A and B) L1 stage N2 C. elegans were either not infected or exposed to a low 
dose of live or heat-killed N. parisii spores for 72 hpi. F1 L1 larvae were exposed to a high dose of N. parisii, fixed at 72 hpi, and stained with DY96. (A) Percentage of worms 
infected. (B) Percentage of worms that are gravid. (C and D) L1 N2 and rde-1 mutants were not infected, infected with a low dose of N. parisii, or infected with Orsay virus 
for 72 hpi. F1 worms were infected with N. parisii as in (A). (C) Percentage of worms infected. (D) Percentage of worms that are gravid. (E and F) N2 C. elegans were either 
untreated or infected with a low dose of N. parisii spores or exposed to 50 mM cadmium from the L4 stage for 24 hours. F1 worms were infected with N. parisii as in (A). 
(E) Percentage of worms infected. (F) Number of embryos per worm. (G and H) L1 stage N2 C. elegans were either untreated, infected with a low dose of N. parisii spores 
on standard nematode growth media (NGM; 50 mM salt), or maintained on NGM containing 250 mM salt for 72 hours. (G) Percentage of F1 embryos hatching on 420 mM 
salt. (H) F1 worms were infected with N. parisii as in (A). Number of embryos per worm. (A to D) Data pooled from three independent experiments using n = 100 worms 
per condition per experiment. (E and F) Data pooled from four independent experiments using n = 100 worms (E) or n = 25 to 30 worms (F) per condition per experiment. 
(G) Data pooled from seven independent experiments using n = 100 to 215 worms per condition per experiment. (H) Data pooled from three independent experiments 
using n = 25 worms per condition per experiment. (A to H) Means ± SEM (horizontal bars) are shown. The P values were determined by unpaired two-tailed Student’s t test. 
Significance with Bonferroni correction was defined as follows: *P < 0.025; **P < 0.005; ***P < 0.0005.
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to N. parisii, indicating that an intestinal signal was important for 
transmission of immunity in this case (Fig. 7, C and D). Furthermore, 
addition of lin-35 under the pie-1 germline promoter was seen to 
partially reduce fitness in infected offspring (Fig. 7, C and D).

In a second approach, we inserted degron tags at endogenous 
pals-22 and lin-35 loci to take advantage of the auxin-inducible deg-
radation system (40). We degraded either PALS-22 or LIN-35 in a 
tissue-specific manner in the parental generation only and assessed 
F1 progenies for resistance to microsporidia (fig. S9). Targeted deg-
radation of PALS-22, and thus signal induction, in the adult intestine 
alone was sufficient to enhance immunity in progeny, while degra-
dation in any other single tissue was unable to increase progeny fitness 

when infected (Fig. 8, A and B). In addition, degradation of LIN-35 in 
somatic tissues only was sufficient to confer resistance to offspring 
(Fig. 8, C and D). Together, these results suggest that induced ex-
pression of the IPR either in the adult intestine only or in multi-
ple somatic tissues is sufficient to transmit inherited immunity to 
offspring.

DISCUSSION
Inherited immunity is a nascent and rapidly growing field of research, 
with important consequences for our understanding of health and 
evolution. Multiple studies have now demonstrated that parental 
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Fig. 5. N. parisii infection induces many genes that are also up-regulated in both lin-35 and pals-22 mutants. A shared transcriptional response was identified by 
determining genes that were either up- or down-regulated in both lin-35 and pals-22 mutants and at least one N. parisii infection time point. (A) Heatmap showing cluster 
analysis of the shared transcriptional response with the fold change of each cell corresponding to scale at the top. White cells in the heatmap represent genes not deter-
mined to be differentially expressed. (B) Fraction of shared genes that are either up- or down-regulated.
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Fig. 6. Mutants that phenocopy the transcriptional response to infection transfer immunity to offspring through the maternal germ line. (A and B) L1 stage N2, 
pals-22(jy1), and lin-35(n745) worms were not infected or infected with a high dose of N. parisii, fixed at 72 hpi, and stained with DY96. (A) Quantitation of DY96 fluorescent 
spores per worm. (B) Number of embryos per worm. (A and B) Data pooled from three independent experiments using n = 20 worms per condition per experiment. 
(C) Schematic of mating to obtain maternal and paternal cross-progeny. Myo-2p::mCherry was used as a marker to distinguish cross-progeny from self-progeny. (D to 
G) P0 animals were allowed to mate for 24 hours. F1 worms were infected with N. parisii as in (A). (D) Quantitation of DY96 fluorescent spores per worm. (E) Number of 
embryos per worm. (D and E) Data pooled from three independent experiments using n = 20 worms per condition per experiment. Only hermaphrodite maternal 
cross-progeny were included in quantifications. (F and G) Percentage of worms that are gravid. Data pooled from three independent experiments using n = 13 to 67 worms 
per condition per experiment. Means ± SEM (horizontal bars) are shown. The P values were determined by ordinary one-way ANOVA with post hoc test . Significance was 
defined as follows: *P < 0.05; ***P < 0.001; ****P < 0.0001.



Willis et al., Sci. Adv. 2021; 7 : eabf3114     5 May 2021

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

10 of 16

exposure to one pathogen can protect offspring against subsequent 
exposure to the same pathogen (1, 13, 19, 41). Several studies have 
also shown that parents exposed to a particular stress can produce 
progeny that are protected against the same stress and that abiotic 
stress can provide transgenerational resistance to pathogenic infection 
(5, 6, 42–44). Critically, it is not yet clear how the environment of 
the parent determines which stresses the offspring are protected 
against. Here, we show that inherited immunity to microsporidia 
can be activated by microsporidia and viral infection, as well as heavy 
metal stress, which all elicit a similar transcriptional response in the 
parents. Inherited immunity can also be activated through maternal 
somatic depletion of negative regulators of the transcriptional response. 
Activation of the transcriptional response within just a single gener-
ation in the intestine is sufficient to induce inherited immunity in 
offspring. Together, we have demonstrated that the signal for initi-
ating inherited immunity against microsporidia is somatic induction 
of a shared maternal transcriptional stress response.

Inherited immunity phenotypes are often costly and can result 
in primed animals being more sensitive to other stresses (1,  45). 
Populations of C. elegans often develop within the same immediate 
environment, so parental infection is a good indicator of progeny 
exposure to microsporidia (46). Here, we find that progeny from 
microsporidia-infected parents are smaller, carry fewer embryos, 
and are more sensitive to osmotic and heavy metal stress. While inher-
ited immunity, in response to microsporidia infection, lasts only a 
single generation, it can be induced in every generation, and this 
may be a strategy to limit fitness trade-offs.

Immunity to microsporidia in C. elegans is thought to function 
through activation of the IPR and associated pathogen clearance 
(28, 32). Up-regulation of the IPR results in immunity to both mi-
crosporidia and virus but not bacteria (31). Here, inherited immu-
nity protects against microsporidia and bacteria but not virus. In 
addition, constant induction of the IPR genes in pals-22 and lin-35 
mutants also greatly affects animal development, whereas offspring 

BA B

C D

Fig. 7. Induction of the IPR in somatic tissues induces inherited immunity. N2, pals-22, and lin-35 mutants with various rescue transgenes were allowed to mate for 
24 hours. F1 L1 larvae were exposed to a high dose of N. parisii, fixed at 72 hpi, and stained with DY96. (A and C) Quantitation of DY96 fluorescent spores per worm. Data 
pooled from three independent experiments using n = 7 to 20 worms per condition per experiment. (B and D) Percentage of worms that are gravid. Data pooled from 
three independent experiments using n = 17 to 78 worms per condition per experiment. Tissues expressing the rescue transgenes are indicated on the graph. Only her-
maphrodite maternal cross-progeny were included in quantifications. Means ± SEM (horizontal bars) are shown. The P values were determined by ordinary one-way 
ANOVA with post hoc test. Significance was defined as follows: *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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with activated inherited immunity have less severe growth defects 
(31, 47). Our results suggest that although induction of the IPR is 
sufficient to activate inherited immunity, inherited immunity and 
IPR-mediated immunity are separate immune responses. We also 
show that inhibition of the RB ortholog lin-35 provides immunity 
against microsporidia, both for the parents and their offspring. Al-
though lin-35 has been implicated in stress responses and negative 
regulation of immune gene expression, this is the first example of 
lin-35 mutants providing pathogen resistance (48, 49). RB is evolutionarily 
conserved but, in mammals, acts as a positive regulator of antiviral 
immunity and immune cell development (50, 51).

Once the signal for inherited immunity is induced in the soma, 
the response must be transferred to developing progeny. Several in-
herited multigenerational responses that last for more than two gen-
erations are dependent on RNAi pathways (16, 52). Consistent with 
recent reports of responses that last only one or two generations 
being transmitted independent of these pathways, heritable immu-
nity to microsporidia (which lasts a single generation) is not reliant 
on RNAi machinery (19, 35).

Being able to harness inherited immunity would provide a way 
to prevent infection of invertebrates (53). Inherited immunity can 
be induced without the pathogen itself, by molecules that activate 
an immune response, and thus, a similar approach could be used to 
combat microsporidia infections (54–56). Inherited immunity could 
be used to block infection of beneficial insects such as honey bees, 
and inhibition of this immunity could be used to improve the efficacy 
of microsporidia as biocontrol agents for locusts and other pests 
(57). Although this is the first report of inherited immunity to microspo-
ridia, mosquitoes whose parents were infected with microsporidia 
contained significantly fewer malaria parasites. This suggests that 
manipulation of these pathways could also be used to prevent inver-
tebrate vectors of human disease from transmitting infection (58, 59).

MATERIALS AND METHODS
Worm maintenance
C. elegans strains were maintained at 21°C on nematode growth 
media (NGM) plates seeded with 10× OP50-1 E. coli, as previously 

A B
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Fig. 8. Somatic depletion of negative regulators of the IPR for a single generation induces inherited immunity. (A to D) P0 animals were grown on either control 
plates or plates containing 200 M auxin from embryos to mediate degradation of PALS-22 or LIN-35 for 72 hours. F1 L1 larvae were exposed to a high dose of N. parisii, 
fixed at 72 hpi, and stained with DY96. (A and C) Quantitation of DY96 fluorescent spores per worm. Data pooled from three independent experiments using n = 19 to 
39 worms per condition per experiment. (B and D) Percentage of worms that are gravid. Data pooled from three independent experiments using n = 100 to 214 worms 
per condition per experiment. Tissues where degradation was induced by auxin are indicated under the graphs. Means ± SEM (horizontal bars) are shown. The P values 
were determined by unpaired two-tailed Student’s t test. Significance was defined as follows: *P < 0.05; **P < 0.01; ***P < 0.001.
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described (60). Strains used in this study are listed in table S1. 
For maintenance and infection assays, 10× concentrates of OP50-1 
were prepared by growing cultures to saturation in lysogeny broth 
(LB) at 37°C for 16 to 18 hours. Populations were synchronized 
by washing worms off plates with M9 solution and bleaching 
with sodium hypochlorite/1 M NaOH until the embryos of gravid 
adults were released into solution. Eggs were washed three times 
with M9, resuspended in 5 ml of M9, and rotated at 21°C for 18 
to 24 hours to allow embryos to hatch into L1s. For pelleting of 
live worms, animals were centrifuged in microcentrifuge tubes for 
30 s at 1400g.

Construction of transgenic strains
For strains with tissue-specific expression of lin-35 in a lin-35 
mutant background, MT10430 was crossed to DP38. The resulting 
lin-35(n745) I; unc-119(ed3) III double mutant was then crossed to 
YL398, YL402, YL409, and YL468 (47).

SapTrap was used to construct a repair template for introducing 
the auxin-inducible degron tag via CRISPR (61). Briefly, the ~500– 
to 600–base pair regions immediately upstream of the pals-22 start 
codon or downstream of the lin-35 stop codon were polymerase 
chain reaction–amplified from genomic N2 DNA to act as homol-
ogy arms. These were cloned into the pDD379 backbone, along with 
guide RNA and other SapTrap-SEC kit plasmids (Addgene) (62). 
The repair construct and coinjection markers were microinjected 
into N2 worms, and hygromycin-resistant rollers were selected. The 
SEC was then excised via heat shock (63).

Strains carrying vit-2p::TIR1, rgef-1p::TIR1, myo-3p::TIR1, 
dpy-7p::TIR1, and rpl-28p::TIR1 were generated by MosSCI (64). 
Repair constructs were generated using Multisite LR Gateway clon-
ing using pCFJ150 as LR entry vector and microinjected into 
strain EG6699.

All strains generated for this study were outcrossed to N2 at least 
three times before use. Plasmids and primers used in this study are 
listed in table S2.

Preparation of microsporidia spores
N. parisii spores were prepared as described previously (25). Briefly, 
microsporidia spores were used to infect large populations of C. elegans 
N2 worms. Infected worms were then harvested and mechanically 
disrupted using 1-mm-diameter zirconia beads (BioSpec Products 
Inc.), and the lysate was filtered through 5-m filters (Millipore 
Sigma) to remove nematode debris. Spore preparations were as-
sayed for bacterial growth, and those that were free of contaminating 
bacteria were stored at −80°C. Each assay was performed using spores 
of the same batch. In total, five batches were used in this study.

Microsporidia infection assays
Basic infection and priming assays
Synchronized populations of L1 worms were mixed with 1 ml of 10× 
OP50-1 alone as uninfected controls or 1 ml of 10× OP50-1 supple-
mented with N. parisii spores and plated on 10-cm NGM plates (doses 
defined in table S3 below). For priming assays, 2500 P0 animals were 
infected with a “low dose” of N. parisii such that >90% of animals 
were infected at 72 hpi, and >80% of animals were fertile to generate 
a sufficient yield of primed F1 embryos for subsequent experiments 
(fig. S1, C and E). At 72 hpi, worms were collected and washed three 
times in 1 ml of M9. To measure infection in the parental genera-
tion, 10% of P0 worms were fixed, and parasite burden and gravidity 

were assessed. The remaining 90% of worms were bleached to ob-
tain naïve or primed embryos from uninfected or infected adults, 
respectively.

Following hatching in M9, 1000 naïve or primed F1 animals were 
mixed with 400 l of 10× OP50-1 and challenged at the L1 stage on 
a 6-cm plate with a high dose of N. parisii. This resulted in ~10 to 20% 
of naïve animals being gravid, so that fitness increases or decreases 
would be easily detectable. At 72 hpi, worms were fixed and stained with 
DY96, and gravidity and infection were assessed by microscopy.
Assessment of parental age on inherited immunity
To test the effects of parental age on offspring immunity, 2500 P0 
animals were either not infected or infected with a low dose of N. parisii 
at the L1 stage. At 64 and 72 hpi, P0 populations were bleached to 
release F1 embryos. Naïve and primed F1 animals were tested for 
inherited immunity as described in the “Basic infection and prim-
ing assays” section.
Assessment of parental infection duration on  
inherited immunity
To test how long animals must be infected to transmit immunity 
to offspring, 2500 P0 animals were either not infected or infected 
with a low dose of N. parisii at (i) the L1 stage, (ii) the L2/L3 stage after 
24-hour rest on 10× OP50-1, or (iii) the L4 stage after 48-hour rest 
on 10× OP50-1. At 72 hours after L1, P0 populations were bleached 
to release F1 embryos. Naïve and primed F1 animals were tested for 
inherited immunity as described in the “Basic infection and priming 
assays” section.
Assessment of inherited immunity through development
To test inherited immunity throughout development, naïve or primed 
worms were obtained as described in the “Basic infection and priming 
assays” section. Next, 1000 naïve or primed animals were plated on 
400 l of 10× OP50-1 supplemented with a maximal dose of N. parisii 
spores at (i) the L1 stage, (ii) the L2/L3 stage after 24-hour rest on 
10× OP50-1, or (iii) the L4 stage after 48-hour rest on 10× OP50-1. 
At 30 mpi, animals were fixed and stained with MicroB FISH probe 
to detect N. parisii 18S RNA, and the number of sporoplasms was 
quantified by microscopy.

To test the effects of small changes in development on inherited 
immunity, naïve or primed worms were obtained as described in 
the “Basic infection and priming assays” section. Next, 1000 naïve 
or primed L1 larvae were plated on 400 l 10× OP50-1 supplement-
ed with a maximal dose of N. parisii spores for their first exposure 
to food or after 6-hour rest on 10× OP50-1. At 30 mpi, animals were 
fixed and stained with MicroB FISH probe to detect N. parisii 18S RNA, 
and the number of sporoplasms was quantified by microscopy.
Assessment of spores in the gut and host cell invasion  
by N. parisii
To assay host cell invasion by microsporidia and the presence of spores 
in the gut, we conducted short infection assays (23). Naïve or primed 
F1 animals were obtained as described in the “Basic infection and 
priming assays” section. Next, 1000 naïve or primed animals were 
mixed with 4 l of 10× OP50-1 and a maximal dose of N. parisii 
spores at the L1 stage and plated on NGM. At 30 mpi or 3 hpi, animals 
were fixed and stained with DY96 and MicroB FISH probe, and the 
number of spores or sporoplasms was quantified by microscopy.
Assessment of host clearance of N. parisii
To assay host clearance of microsporidia, we conducted pulse infec-
tion assays. For this, naïve or primed F1 animals were obtained as 
described in the “Basic infection and priming assays” section. Next, 
2000 naïve or primed animals were mixed with 10× OP50-1 and a 
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very high dose of N. parisii spores at the L1 stage and plated on 
NGM. At 3 hpi, populations were split and half of the animals were 
fixed. The remaining animals were maintained in the absence of 
spores until a 24-hour end point before fixing. Animals were stained 
with MicroB FISH probe, and the number of sporoplasms at each 
time point was quantified by microscopy.
Assessment of N. parisii–induced immunity over  
multiple generations
To assess immunity to microsporidia over multiple generations, we 
performed an ancestral infection assay (fig. S6C). Here, 2500 ani-
mals were infected at the L1 stage with N. parisii for one, two, or 
three successive generations (P0, F1, and F2). Each infection period 
lasted 72 hours before treating with sodium hypochlorite solution 
to obtain the next generation of embryos. F3 L1 populations were 
split and either subjected to infection testing or maintained under 
noninfection conditions for the collection and subsequent testing of 
F4 offspring. To test immunity, F3 and F4 larvae were exposed to a 
high dose of N. parisii at the L1 stage. At 72 hpi, F3 and F4 animals 
were fixed and stained with DY96 to visualize N. parisii spores.
Heat-killed spore infection assay
Synchronized populations of 2500 L1 worms were mixed with (i) 
1 ml of 10× OP50-1 alone or 10× OP50-1 supplemented with a low 
dose of either (ii) live or (iii) heat-killed N. parisii spores and plated 
on NGM. For heat killing, live spores were treated at 65°C for 10 min. 
At 72 hpi, parental generations were bleached to obtain naïve em-
bryos or embryos primed with heat-killed or live spores. Inherited 
immunity to N. parisii was tested as described in the “Basic infection 
and priming assays” section.

P. aeruginosa infection assays
Strains of wild-type or dsRed-expressing P. aeruginosa PA14 were 
used to assay survival and bacterial burden, respectively. Strains were 
grown in 3 ml of LB overnight from a single bacterial colony. A volume 
of 20 l of bacterial culture was used to seed 3.5-cm slow-killing 
plates for survival assays (34). A volume of 50 l of bacterial culture 
was used to seed 6-cm slow-killing plates for bacterial burden as-
says. To prevent C. elegans pathogen avoidance behavior (65), bac-
terial culture was spread to ensure that plates were fully covered with 
P. aeruginosa. Seeded plates were incubated for 24 hours at 37°C for 
growth of bacterial lawns and maintained for a further 24 hours at 
room temperature (RT) before infection assays. Naïve and primed 
worms were obtained as in the “Basic infection and priming assays” 
section. To assay survival, 20 to 30 naïve or primed L1 worms were 
transferred to 3.5-cm wild-type PA14-seeded plates and incubated 
at 25°C for 84 hours. Worms that failed to respond to pressure from 
a metal pick were considered nonviable.

To assay bacterial burden by fluorescence, 1000 naïve or primed 
L1 worms were plated on 6-cm dsRed PA14-seeded plates and incubated 
at 25°C for 48 hours. At 48 hpi, worms were collected from plates, 
washed three times in M9, and fixed, and bacterial burden was as-
sessed by microscopy. Assays of bacterial burden by CFU counts 
were carried out in a similar manner to those described previously 
(66). Here, 1000 naïve or primed L1 worms were plated on 6-cm 
dsRed PA14-seeded plates and incubated at 25°C for 48 hours. At 
48 hpi, three replicates of 10 worms were transferred to a 25 mM 
levamisole droplet on an NGM plate containing gentamicin (1 mg/ml) 
and ampicillin (1 mg/ml). Over ~30 min, worms were transferred to 
fresh droplets of levamisole on fresh plates three times to stop pha-
ryngeal pumping and to kill and dilute PA14 stuck to the worm’s 

surface. Worms were then transferred to microcentrifuge tubes and 
washed three times in 1-ml sterile M9. Note that the final wash was 
saved and plated similar to worm lysates, to assess background CFUs. 
To lyse worms, 200-l sterile phosphate-buffered saline (PBS) con-
taining 1% Triton X-100 (Sigma-Aldrich) and an equal volume of 
2.0-mm zirconia beads (BioSpec Products Inc.) were added to the 
washed nematodes before lysing with a cell disrupter for 3 min at 
3000 rpm. Lysates were serially diluted in PBS, plated on LB plates, 
and incubated overnight at 37°C. Colonies were counted to deter-
mine the average CFU per nematode.

Orsay virus infection assays
Orsay virus filtrate was prepared as described previously (28). Briefly, 
plates of Orsay virus–infected animals were maintained until star-
vation. Virus shed by infected worms was collected by washing plates 
with M9, passing through 0.22-m filters (Millipore Sigma), and stored 
at −80°C. For infections to test resistance to Orsay virus, naïve and 
primed worms were obtained as in the “Basic infection and priming 
assays” section. Next, 1000 naïve or primed L1s were mixed with 
100 l of 10× OP50-1 and 500 l of the viral filtrate and then plated 
on 6-cm NGM. At 16 hpi, animals were fixed and FISH-stained to 
assess infection status.

To generate Orsay-primed animals, 2500 L1s were mixed with 
1 ml of 10× OP50-1 and 500 l of viral filtrate. At 72 hpi, animals 
were collected and bleached to obtain primed embryos. Inherited 
immunity to N. parisii was tested as described in the “Basic infec-
tion and priming assays” section.

Bead-feeding assay
Naïve or primed L1 worms were obtained as described in the “Basic 
infection and priming assays” section. Next, 1000 animals were placed 
on 6-cm plates in 400-l total volume of M9 containing 10% (v/v) 
10× OP50-1 and 4% (v/v) 0.2-m green fluorescent polystyrene 
beads (Degradex, Phosphorex). Where spores were included for the 
3-hour time point, a maximal dose of N. parisii spores was used. 
After 30 min or 3 hours, animals were fixed, and bead ingestion was 
assessed by microscopy.

Osmotic stress assays
Osmotic stress adaptation assays were performed as previously de-
scribed (37). Synchronized populations of 2500 L1 worms were plated 
either (i) on standard NGM (50 mM salt) plates together with 1 ml 
of 10× OP50-1 alone or (ii) 10× OP50-1 supplemented with a low 
dose of N. parisii, or (iii) on NGM containing an elevated concen-
tration of salt (250 mM) together with 1 ml of 10× OP50-1. At 80 hpi, 
parent populations were bleached to obtain naïve, infection-primed, 
or salt-primed embryos. To test resistance to osmotic stress, 1000 
embryos were plated on NGM containing a high concentration of 
salt (420 mM). The percentage of embryos that had hatched by 
48 hours was quantified using light microscopy. Inherited immunity 
to N. parisii was tested as described in the “Basic infection and 
priming assays” section.

Cadmium assays
We first confirmed that cadmium exposure induced IPR gene expression 
in C. elegans. This was determined by plating ERT054 and ERT071 
fluorescent reporter worm strains on 50 mM calcium chloride and 
observing increased green fluorescent protein (GFP) expression 
in exposed worms, relative to unexposed controls. Synchronized 



Willis et al., Sci. Adv. 2021; 7 : eabf3114     5 May 2021

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

14 of 16

populations of 2500 L4 worms were plated either (i) on standard NGM 
together with 1 ml of 10× OP50-1 alone or (ii) 1 ml of 10× OP50-1 
supplemented with a low dose of N. parisii, or (iii) on NGM containing 
50 mM cadmium chloride together with 10× OP50-1. After 24 hours, 
parent populations were bleached to obtain naïve, infection-primed, 
or cadmium-primed embryos. Immunity to N. parisii was tested as 
described in the “Basic infection and priming assays” section. Im-
munity to P. aeruginosa was tested as described in the “P. aeruginosa 
infection assays” section. To test for protection against cadmium 
stress, 1000 F1 larvae were maintained on standard NGM with 10× 
OP50-1 until L4 stage and then plated on NGM containing 50 mM 
cadmium chloride. After 24 hours, animals were fixed and stained 
with DY96 for embryo counting.

Auxin-inducible depletion experiments
Auxin plates were prepared by adding auxin stock solution [400 mM 
auxin (Alfa Aesar) in ethanol] to NGM, for a final concentration of 
200 M auxin, immediately before pouring plates. Control plates 
were prepared by adding ethanol to NGM, for a final concentration 
of 0.15%. Auxin plates were stored in the dark at 4°C and used with-
in 1 month.

Embryos obtained from bleaching gravid adults were plated on 
auxin or ethanol control plates following M9 washes. 10× OP50-1 
was added to plates 18 to 24 hours after plating to allow embryos to 
hatch and synchronize. Worms were bleached 72 hours after L1 ar-
rest and F1 immunity to N. parisii tested as described in the “Basic 
infection and priming assays” section.

Cross-progeny generation
For testing maternal effects, 50 L4 ERT054 males and 30 L4 her-
maphrodites were plated on a 3.5-cm NGM plate for mating. To test 
paternal effects, L4 mutant males carrying the jyIs8 transgene were 
crossed with L4 N2 hermaphrodites (Fig. 6C). After 22 to 24 hours, 
animals were bleached to obtain embryos and F1 immunity to N. parisii 
tested as described in the “Basic infection and priming assays” sec-
tion. During quantification, the presence of myo-2p::mCherry was 
used to distinguish cross-progeny from self-progeny.

Fixation
For visualization of germ lines of JMC101 (GFP::3xFLAG::CSR-1) 
animals, bead-feeding assays, and staining of N. parisii or Orsay 
virus with FISH probes, worms were fixed in 1 ml of 4% parafor-
maldehyde (PFA) in PBS containing 0.1% Tween 20 (PBST), for 
20 min at RT or overnight at −20°C. For P. aeruginosa burden as-
says and DY96 staining, worms were fixed in 1-ml acetone for 10 min 
at RT or overnight at 4°C. For pelleting of worms during fixing pro-
tocols, animals were centrifuged in microcentrifuge tubes for 30 s 
at 10,000g.

Staining with DY96
To assay parasite burden and worm gravidity, microsporidia spores 
and embryos were visualized with the chitin-binding dye DY96. 
Acetone-fixed animals were washed twice in 1 ml of PBST, re-
suspended in 500-l staining solution [PBST, 0.1% SDS, and DY96 
(20 g/ml)], and rotated at 21°C for 30 min in the dark. Stained worms 
were resuspended in 20-l EverBrite Mounting Medium (Biotium) 
and mounted on slides for imaging. For pelleting of worms during 
staining protocols, animals were centrifuged in microcentrifuge tubes 
for 30 s at 10,000g.

FISH assays
For FISH staining of N. parisii 18S ribosomal RNA or Orsay virus 
RNA, worms were fixed in PFA as above and washed twice in 1 ml 
of PBST. Worms were then washed once in 1 ml hybridization buffer 
[900 mM NaCl, 20 mM tris (pH 8.0), and 0.01% SDS] and incubated 
overnight at 46°C in 100-l hybridization buffer containing FISH 
probe (5 to 10 ng/l) conjugated to a Cal Fluor 610 dye (LGC Bio-
search Technologies). MicroB (5 ng/l; ctctcggcactccttcctg) (26) was 
used to detect N. parisii 18S RNA. A solution of Orsay 1 (gacatatgt-
gatgccgagac) and Orsay 2 (gtagtgtcattgtaggcagc) mixed 50:50 (10 ng/l) 
was used to detect Orsay virus. Stained animals were washed once in 
1-ml wash buffer (hybridization buffer containing 5 mM EDTA) and 
incubated in 500-l fresh wash buffer for a further 30 min at 46°C.  
Worms were resuspended in 20-l EverBrite Mounting Medium (Biotium) 
and mounted on slides for imaging. To pellet worms during staining 
protocols, animals were centrifuged in microcentrifuge tubes for 30 s 
at 10,000g. For costaining of N. parisii RNA with DY96, wash buffer was 
supplemented with DY96 (20 g/ml) for the final 30-min incubation.

Microscopy and image analysis
For measurement of worm body size and quantification of embryos 
and gravid or infected animals, as well as N. parisii or P. aeruginosa 
burden, worms were imaged using an Axio Imager 2 (Zeiss). Worms 
carrying one or more embryos were considered gravid. Worms having 
any quantity of DY96-stained microsporidia spores were consid-
ered infected. Worms with any number of cells stained with FISH 
probe to detect Orsay virus RNA were considered infected.

Bead ingestion and precise pathogen burdens were determined 
using ImageJ/FIJI (67); here, each worm was defined as an individual 
“region of interest,”, and fluorescence from GFP (DY96-stained mi-
crosporidia, or GFP beads) or dsRed (dsRed-expressing PA14) was 
subjected to “threshold” and “measure area percentage” functions 
on ImageJ. For DY96-stained samples, images were thresholded to 
capture the brighter signal from microsporidia spores while elimi-
nating the dimmer GFP signal from worm embryos. Final values 
are given as percentage of fluorescence for single animals.

Transcriptional analyses
WormExp (40) was used to search for published expression datasets 
that have a significant overlap with the set of genes enriched in 
N. parisii–infected animals. FPKM (fragments per kilobase of tran-
script per million mapped reads) values from RNA sequencing data 
were obtained for pals-22 (31) mutants and five N. parisii infection 
time points (28), and fold changes were calculated. Fold change values 
were obtained for lin-35 mutant microarray data (68), and replicates 
were averaged. Log2 fold changes greater than 2 or less than −2 were 
used to determine differentially expressed genes. Genes that were 
either up- or down-regulated in lin-35, pals-22, and at least one infection 
time point were plotted as a heatmap with dendrograms using heat-
map.2 function from gplots package in R with all arguments (70) set 
to default except for trace that was set to none.

Statistical analyses
Unless otherwise stated, P values were determined by two-tailed 
unpaired Student’s t test. All P values not meeting significance re-
quirements are displayed in figures for clarity. These P values were 
calculated using Prism software (GraphPad Software Inc.). Statistical 
significance is defined as P < 0.05, unless otherwise stated (i.e., when 
using Bonferroni correction for multiple testing).
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SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/19/eabf3114/DC1

View/request a protocol for this paper from Bio-protocol.
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