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ABSTRACT Host-pathogen interactions play a major role in evolutionary selection
and shape natural genetic variation. The genetically distinct Caenorhabditis elegans
strains, Bristol N2 and Hawaiian CB4856, are differentially susceptible to the Orsay
virus (OrV). Here, we report the dissection of the genetic architecture of susceptibility
to OrV infection. We compare OrV infection in the relatively resistant wild-type
CB4856 strain to the more susceptible canonical N2 strain. To gain insight into the
genetic architecture of viral susceptibility, 52 fully sequenced recombinant inbred
lines (CB4856�N2 RILs) were exposed to OrV. This led to the identification of two
loci on chromosome IV associated with OrV resistance. To verify the two loci and
gain additional insight into the genetic architecture controlling virus infection, intro-
gression lines (ILs) that together cover chromosome IV, were exposed to OrV. Of the
27 ILs used, 17 had an CB4856 introgression in an N2 background, and 10 had an
N2 introgression in a CB4856 background. Infection of the ILs confirmed and fine-
mapped the locus underlying variation in OrV susceptibility, and we found that a
single nucleotide polymorphism in cul-6 may contribute to the difference in OrV sus-
ceptibility between N2 and CB4856. An allele swap experiment showed the strain
CB4856 became as susceptible as the N2 strain by having an N2 cul-6 allele,
although having the CB4856 cul-6 allele did not increase resistance in N2. In addi-
tion, we found that multiple strains with nonoverlapping introgressions showed a
distinct infection phenotype from the parental strain, indicating that there are
punctuated locations on chromosome IV determining OrV susceptibility. Thus, our
findings reveal the genetic complexity of OrV susceptibility in C. elegans and suggest
that viral susceptibility is governed by multiple genes.

IMPORTANCE Genetic variation determines the viral susceptibility of hosts. Yet, pin-
pointing which genetic variants determine viral susceptibility remains challenging.
Here, we have exploited the genetic tractability of the model organism Caenorhabditis
elegans to dissect the genetic architecture of Orsay virus infection. Our results provide
novel insight into natural determinants of Orsay virus infection.

KEYWORDS Caenorhabditis elegans, Orsay virus, QTL

Genetic variation plays a major role in the arms race between pathogen and host
(1–3). The interaction between host genetic background and pathogen can shape

natural variation by imposing a strong selection regime on the affected population.
Host genetic variation plays a role in ongoing viral outbreaks as illustrated by studies
that correlate outcome of infection with hepatitis virus, HIV, Zika virus, Ebola virus, and
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SARS-CoV-2 to the host’s genetic background (4–9). Studying host-virus interactions in
model systems can uncover genetic networks determining viral susceptibility (10).

The nematode Caenorhabditis elegans encounters a variety of pathogens in its
natural habitat, including bacteria, microsporidia, oomycetes, and fungi (11). Thus far,
only one virus has been discovered that naturally infects C. elegans: the Orsay virus
(OrV) (12). In the laboratory this pathogen can be easily maintained and used to study
host-virus interactions (12). Host-virus interaction studies focusing on the effect of host
genetic variation are facilitated by the androdiecious mode of reproduction by which
C. elegans reproduces. This makes C. elegans a powerful model to investigate the effect
of host genetic variation since populations can be both inbred and outcrossed.

Three cellular pathways are used by C. elegans to defend itself against viral infec-
tions. First, the RNA interference (RNAi) response is a highly adaptive and diverse path-
way that plays a role in many processes in an organism, for example, in development
and antiviral responses in invertebrates (13, 14). In OrV infection, it recognizes the
double-stranded RNA replication intermediate, which ultimately leads to the produc-
tion of small interfering RNAs (siRNAs) that target the viral RNA for degradation
(15–19). Mutants defective for various genes in the RNAi pathway display higher viral
susceptibility upon infection (15, 17–19). Second, the OrV can be targeted by a distinct
mechanism known as viral uridylation (20). Uridylation, like RNAi, leads to degradation
of viral RNAs, although both antiviral defenses function independently of one another.
Third, the intracellular pathogen response (IPR) is involved in defense against viral, fun-
gal, and microsporidian infections. The IPR is regulated by the gene pair pals-22 and
pals-25 that balance the nematode’s physiological programs between growth and im-
munity (21). Infections are counteracted by upregulating a range of 80 IPR genes that
reduce proteotoxic stress (21–23). For most IPR genes, their biochemical function is
currently unknown, but IPR gene cul-6 functions in the E3 ubiquitin ligase complex
and protects against viral and microsporidian infection (23, 24). Furthermore, the gene
drh-1 (encoding a RIG-I like protein) mediates the IPR response specifically upon OrV
infection connecting IPR and RNAi pathways which both depend on this gene (25).

Natural variation influences the susceptibility to OrV infections. Initially, it was
observed that the natural C. elegans strain JU1580 is more susceptible to infection with
OrV than the reference strain Bristol N2 (18). This difference has been linked to a natu-
ral polymorphism in drh-1 affecting the antiviral RNAi response (15). In addition to the
natural variation in the RNAi response, genetic variation also determines the IPR
against OrV infection. The Hawaiian strain CB4856 had higher (basal) expression of
multiple IPR genes than N2, potentially resulting in higher resistance to OrV infection
observed in CB4856 (26). However, the genetic and transcriptional networks leading to
this difference have not been uncovered.

The CB4856 and N2 strain are very polymorphic, with more than 400,000 polymor-
phisms, including insertions/deletions and single nucleotide variants (27, 28). Over the
last decade, both strains have been jointly used in many quantitative genetics studies
in C. elegans, focused on traits such as aging, stress tolerance, and pathogen avoidance
(29–33). Most of these studies have been conducted on one of the two available
recombinant inbred line (RIL) panels (34, 35) or on the introgression line (IL) population
which contains fragments of CB4856 in a background of N2 (30).

Here, we set out to investigate genetic loci involved in the phenotypic differences
between the Bristol N2 strain and the Hawaii CB4856 in response to OrV infection. Viral
replication was characterized in N2 and CB4856 in a stage- and incubation time-de-
pendent manner. Subsequently, we used inbred panels constructed from these strains
to identify possible causal loci underlying the difference in viral susceptibility. We
exposed a panel of 52 RILs to OrV and measured the viral load. We identified two quan-
titative trait loci (QTL) associated with differences in viral load on chromosome IV.
Following-up, using a panel of 27 IL strains together covering the QTL location on
chromosome IV led to the identification of 34 candidate genes involved in antiviral

Sterken et al. Journal of Virology

June 2021 Volume 95 Issue 12 e02430-20 jvi.asm.org 2

https://jvi.asm.org


immunity. One of these candidate genes, the IPR gene cul-6, was tested for its role in
OrV infection in the strains N2 and CB4856.

RESULTS
CB4856 displays resistance to OrV infection. The infection kinetics of OrV were

investigated in the two wild-type strains N2 and CB4856. Infection kinetics were
investigated by infecting both strains at an age of 26 h (L2 stage) and measuring the
viral load over 2 to 35 h postinfection (in 28- to 61-h-old animals) (Fig. 1A). N2 devel-
oped a higher maximum viral load than CB4856 in this time period (Fig. 1B). The infec-
tion developed via a clear lag phase in N2 during the first 12 h, whereas large variation
in viral loads was observed in the initial infection phase for CB4856 (Fig. 1B). In this
time series experiment, a significant amount of the variance was explained by the

FIG 1 Kinetics of OrV infection in N2 and CB4856. (A) Nematodes are infected by the OrV in liquid
at the age of 26 h (as in reference 17) before samples were washed from the plate 2 to 35 h later
and collected for viral load quantification. (B) Development of OrV infection over time in N2
(orange) and CB4856 (blue) over a course of 35 h. The points depict the observed viral loads, the
line represents the smoothed conditional mean, and the gray shading shows the confidence interval
for the mean. (C) Box plot of viral load measurements over time for N2 and CB4856. The two panels
show a division into two groups: early infection (up to 12 h postinfection) and late infection (after
12 h postinfection, green). Lines connecting the dots represent samples of the two genotypes
measured in the same replicate at the same time point. (D) Viral infections either started in the L1
stage (22 h) or L2 stage (28 h). Populations were exposed to the OrV in liquid and isolated 30 h
postinfection for viral load measurements. (E) Viral loads observed for N2 and CB4856 that were
infected in the L1 or L2 stage.
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different genotypes (permutational multivariate analysis of variance [PERMANOVA],
P = 0.002). We found that for some infected CB4856 populations the infection
developed via a similar pattern (but to lower viral load) compared to N2; however,
in other experiments the infection did not develop beyond levels reached in the
lag phase of the infection. Consequently, CB4856 populations that were 38 h or
older showed either similar viral loads to populations that were younger (and thus
shorter infected) or viral loads that reached the maximum viral load for CB4856
(Fig. 1C). On the other hand, N2 populations all reached higher viral loads after the
lag-phase of infection was passed (Wilcoxon rank sum test, P , 1� 1024 Fig. 1C).
Therefore, the time passed since infection also explained variation in viral load
(PERMANOVA, P , 1� 1024). Next to this, we observed that infection was not
always successfully established in both N2 (76% success rate) than and in CB4856
(61% success rate) populations (chi-square test, P = 0.093). Constant exposure to
OrV for 4 days resulted in similar viral loads between N2 and CB4856 (15, 26), thus
suggesting that multiple rounds of viral replication are necessary to fully infect
CB4856 populations. Together, these observations show that CB4856 develops a
lower viral load and can suppress a beginning infection better than N2.

A reason for the difference in viral load between CB4856 and N2 could be a stage-
dependent difference in resistance as was found for CB4856 nematodes, which are
resistant to infection by the microsporidian Nematocida parisii, but only in the L1 stage
(36). Moreover, N. parisii shares its cellular tropism with OrV and both pathogens
induce the same transcriptional response: the intracellular pathogen response (IPR)
(21, 22, 37). Therefore, we also tested whether L1 CB4856 could exhibit even higher
resistance to OrV infection than the L2 animals we have infected before. Infection was
compared in first (22-h-old)- and second (28-h-old)-larval-stage animals (Fig. 1D). N2
animals were infected in parallel for reference and the infection could develop for 30 h
after infection. We found for both genotypes that the viral loads were highly compara-
ble between L1- and L2-infected nematodes (Wilcoxon rank sum test, P $ 0.8; Fig. 1E).
Thus, the relative resistance of CB4856 toward the OrV is not stage dependent, in
contrast to resistance to the microsporidian N. parisii.

A locus on chromosome IV links to resistance against OrV. To find the causal
genetic loci underlying the different viral loads between N2 and CB4856 in viral load,
recombinant inbred lines (RILs) constructed from a cross between these strains were
infected with OrV (Fig. 2A) (27, 35). The RILs were infected in the L2 stage (at the age
of 26 h), and the infection was continued for 30 h, after which the viral load was meas-
ured. The viral loads of the RILs followed a pattern of transgressive segregation, indi-
cating that multiple genetic loci contribute to viral susceptibility (Fig. 2B). We found a
narrow-sense heritability (h2, the fraction of trait variation explained by genotype) of
0.56 for the mean viral load (excluding populations that were not successfully infected)
meaning that 56% of this phenotype can be explained by additive genetic variance.
Linkage analysis for this trait identified a QTL on chromosome IV between 12.5 and
14.9Mb (Fig. 2C), linked to a higher viral load associated with N2 loci (Fig. 2D). Besides
performing a linkage analysis for the mean viral load of successfully infected popula-
tions, linkage analysis was performed for (i) the mean and median viral load (both
including and excluding unsuccessfully infected populations), (ii) the maximum and
minimum viral load observed for a strain, and (iii) each RIL batch separately (Fig. 2E).
Most of these summary statistics pointed toward the locus on the right-side of chro-
mosome IV, but the minimum viral load pointed toward an additional QTL location
with a peak at 2.7Mb on chromosome IV (R2 = 0.32; Fig. 2E). Thus, this QTL location
could link to the success of infection, whereas the QTL location on the right side of
chromosome IV was linked to the height of the viral load measured. Therefore, each
locus may influence another biological aspect of OrV infection.

Verification of the QTL locus by introgression lines. To experimentally verify the
QTL involved in the viral susceptibility difference between N2 and CB4856, ILs were
infected. ILs contain small fragments of one strain in the genetic background of
another strain (30). ILs that together cover chromosome IV were used and their viral
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loads were measured after infection. We used 10 ILs with a N2 fragment in the
CB4856 background (ILCB4856) and 17 ILs with a CB4856 fragment in the N2 background
(ILN2; Fig. 3A). Of the 27 infected ILs, 9 had a different viral load than the parental strain,
demonstrating that presence of the introgression alters the viral susceptibility com-
pared to the parent. We tested for recapitulation of the QTL effect (a higher viral load
from an N2 allele and a lower viral load from a CB4856 allele). We found that the
ILCB4856 strains WN352, WN353, and WN354 showed a phenotype distinct from the

FIG 2 OrV infections in a RIL panel with parental strains N2 (orange) and CB4856 (blue) and QTL mapping. (A) Genetic map of the N2xCB4856 RIL panel.
(B) Transgression plot of the viral loads of 52 RIL strains used for the infection assays Each dot represents a biological replicate of a viral load measured
after infection. All RIL strains were infected three times, but samples that lacked viral replication (viral load= 0) are not shown. (C) QTL profile for mean
viral load (excluding unsuccessful infections). The confidence interval is indicated in red, and a QTL peak is found at the end of chromosome IV at 13.3Mb.
(D) Split-out of the genotypes at the QTL peak, explaining 0.45 of the trait variation (Pearson correlation). (E) Overview of QTL patterns with other statistical
summaries. The dots denote the QTL peak and the lines indicate the confidence interval. Note that the overall threshold is –log10(p) = 4.4; hence, not all
peaks shown here are significant. However, most link to the right side of chromosome IV.
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parental CB4856 strain (two-sided t test, P, 0.05; Fig. 3B). These strains carry introgres-
sions that together overlap the right QTL peak at 12.41 to 12.89Mb (Fig. 3A). In agree-
ment, four ILN2 strains covering this QTL were more resistant than N2 (WN252, WN254,
WN260, and WN261) (Fig. 3A and B). In contrast, three strains with the CB4856 frag-
ment in the N2 background covering the same location did not show a lower viral load
than the N2 strain (WN255, WN258, and WN259). Furthermore, two ILCB4856 strains fully
covering this introgression (WN345 and WN351) did also not confirm the locus. In addi-
tion, ILN2 strain WN263 with an introgression from 14.87 to 17.49Mb had a lower sus-
ceptibility than N2. These results indicate that there are multiple loci underlying the
susceptibility difference between N2 and CB4856 that are likely to interact together.

Linkage analysis on the ILN2 panel showed the highest correlations for mean viral
load and genetic background on the right side of chromosome IV with a QTL peak at
around 16Mb (Fig. 3C), whereas the ILCB4856 panel mapping did not show an effect of
the introgression (Fig. 3D). The resolution for QTL mapping in the ILs is relatively low
compared to QTL mapping in the RILs, because of fewer genetic breakpoints in the

FIG 3 OrV infections in two IL panels with parental strains N2 and CB4856 and QTL mapping. (A)
Genetic map of chromosome IV for the CB4856 background (strain WN340-WN354) and N2
background (WN245-WN263) ILs. The outer dashed lines indicate the QTL confidence interval as
mapped in the RIL population, and the inner dashed lines indicate the area of interest identified in
the ILN2 lines. (B) The viral loads of N2, CB4856, and 27 IL strains used for the infection assays. Of
these, 17 strains have a CB4856 introgression in a N2 background (orange filled boxplots), and 10
have a N2 introgression in a CB4856 background (blue filled boxplots). An asterisk indicates a
significant difference from its parental genetic background (*, P , 0.05; **, P , 0.01 [two-sided t
test]). Each dot represents a biological replicate. Samples that lacked viral replication (viral load= 0)
are not shown. (C) Linkage mapping profile for mean viral load (excluding unsuccessful infections) for
the ILN2 panel, measuring the contribution of a CB4856 locus. A significant peak is found on the right
side of chromosome IV. (D) Linkage mapping profile for mean viral load (excluding unsuccessful
infections) for the ILCB4856 panel, measuring the contribution of an N2 locus.
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population. Therefore, the peak mapped in the ILs could rely on the same genetic
variation as the QTL peak mapping in the RIL panel that estimated a QTL between 12.5
and 14.9Mb.

Candidate causal genes underlying different viral susceptibility between
N2 and CB4856. Linkage analysis in both RILs and ILs indicated that viral susceptibility
differences between N2 and CB4856 were governed by multiple loci. So, we set out to
determine whether we could identify polymorphic genes that determine the difference
in viral susceptibility. We focus on the 12.41- to 12.89-Mb region on chromosome IV,
because this region was mapped in the RIL panel and supported by analysis of the ILs.
This region contains 34 polymorphic genes, 25 of which contain a nonsynonymous
change in the coding sequence (see Table S3 in the supplemental material). The candi-
date genes in this region have diverse functions, including genes with a known
immune function against bacterial or viral infection. One of these is cul-6, which is
regulated by the IPR. A knockdown of cul-6 increases the susceptibility to OrV in N2
nematodes (21, 22, 24). The CB4856 allele of cul-6 gene contains a single nucleotide
polymorphism in amino acid 428, physically close to the RBX-1 binding site, where a
negatively charged glutamic acid is found in N2 and a positively charged lysine in
CB4856 (Fig. 4A). The amino acid lysine at this position has been highly conserved
from yeast to humans in the closely related CDC53 and CUL-1 proteins (amino acid
conservation between C. elegans CUL-1 and CUL-6 is 47%) (Fig. 4B) (38).

To test whether the cul-6 polymorphism explains the difference in viral susceptibil-
ity between N2 and CB4856, we used CRISPR-Cas9-modified strains encoding the cul-6
N2 allele in the CB4856 genetic background (PHX1170) and the cul-6 CB4856 allele in
the N2 genetic background (PHX1169). Based on the results of the IL analysis, PHX1170
was expected to be as susceptible as N2. We indeed observed that PHX1170 had a
more susceptible phenotype, with a viral load in between that of N2 (P = 0.41) and
CB4856 (P = 0.31) (see Fig. S3 and Table S4 in the supplemental material). PHX1169
retained high viral susceptibility with more variance in observed viral loads than in the
N2 strain. These findings, taken together, show that the cul-6 polymorphism may con-
tribute to different viral susceptibility between N2 and CB4856, and yet the effect size
of this allele is modest. The resistant phenotype of CB4856 cannot be fully allocated to
this allele because it does not confer resistance in a susceptible background and
CB4856 and PHX1170 were more similar than CB4856 and N2. Taken together with the
results from the ILs, these results suggest that having the susceptible cul-6 allele from
N2 makes the strains vulnerable to infection while having the resistant allele from
CB4856 does not protect strains with an otherwise susceptible N2 background.

DISCUSSION

Here, we have unraveled the genetic architecture of viral susceptibility in the
C. elegans strains N2 and CB4856. We found two QTL peaks on chromosome IV linking
to susceptibility differences and confirmed the QTL on the right side of chromosome
IV using a selection of ILs. Observations made for individual ILs show that multiple
loci on chromosome IV contribute to viral susceptibility. When we zoomed in on the
12.4- to 12.9-Mb region that likely contains a causal gene, we identified 34 polymor-
phic genes which may explain differences in viral susceptibility between N2 and
CB4856. Allele swap experiments between one of these candidate genes, the IPR gene
cul-6, indicated a single nucleotide polymorphism may underlie susceptibility differen-
ces. Furthermore, we found that other genetic loci on chromosome IV also contribute
to the whole phenotypic variation between N2 and CB4856. These findings show that
the genetic architecture of OrV susceptibility is a complex, polygenic trait, and future
studies may identify even more genetic variants involved in OrV susceptibility.

Chromosome IV is implicated in natural variation in OrV infection. By exposing
RILs and ILs to OrV, we identified a QTL on chromosome IV that is implicated in a lower
viral load due to the CB4856 allele. A genome-wide association study (GWAS) on OrV
infection in C. elegans also involved chromosome IV (15), but in contrast to that study,
we did not find a QTL near the drh-1 locus. This was in line with expectations since
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FIG 4 cul-6 gene in CB4856 and N2 and its effect on viral susceptibility. (A) Structure prediction of C. elegans CUL-6. The lysine present in the CB4856
allelic variant is shown is blue, and the glutamic acid present in the N2 allelic variant in orange. The RBX-1 binding domain is shown in purple. (B) Part of
the sequence alignment between Homo sapiens CUL1, Saccharomyces cerevisiae CDC53, C. elegans CUL-1, and the C. elegans N2 and CB4856 allelic variants

(Continued on next page)
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only two polymorphisms are found in the introns between N2 and CB4856 for this
gene (27). Still, the more distal associations uncovered by the GWAS could potentially
result from the same allelic variation as the QTL between 12.41 and 12.89Mb because
the GWAS identified five locations on chromosome IV which are between 5 and 13Mb.
Therefore, natural populations of C. elegans may carry similar genetic variants
conferring OrV resistance as N2 and CB4856.

In our previous study investigating viral susceptibility differences between N2 and
CB4856 we found that CB4856 had higher basal expression of IPR genes which we
hypothesized may be caused by distinctive pals-22/pals-25 expression patterns (26).
These genes, the respective repressor and activator of the IPR, are located adjacent
to each other on the left of chromosome III (21). eQTL studies showed local genetic
variation (cis-eQTL) regulates expression of pals-22 and pals-25 (17, 29, 35, 39–42).
Nevertheless, we did not observe a link between natural genetic variation in viral sus-
ceptibility in N2 and CB4856 and the pals-22/pals-25 locus on chromosome III. Our
results show that we could only explain a minor fraction of the heritability by the QTL
locations we found. This result is typical for QTL mappings of complex traits and sug-
gests that additional loci contribute to the viral susceptibility difference between N2
and CB4856. These loci may have small effect sizes, interactions or are affected by a
(currently unknown) environmental cause (43).

Interestingly, the higher resistance of CB4856 to both the microsporidium N. parisii
and the OrV appears to be governed by distinct mechanisms, despite both types of
infections are counteracted by the IPR (21, 22, 37). Balla et al. have previously found
that CB4856 nematodes displayed higher pathogen resistance than N2 when infected
with the microsporidium N. parisii. However, this higher resistance was only observed
when L1 nematodes were infected (36). Exposure to N. parisii in the L2, L3, and L4
stages yielded similar pathogen loads between N2 and CB4856 animals (36). In con-
trast, we showed here that both L1- and L2-exposed CB4856 nematodes convey higher
resistance to the OrV than N2 nematodes. In line with these results, the genetic basis
of resistance to OrV and N. parisii can be found on distinct chromosomes. Here, we
attributed OrV resistance to chromosome IV, whereas QTL mapping identified chromo-
some II, III, and V contributed to resistance against N. parisii (36). The observations
further indicate that anti-stress responses in C. elegans can be highly specialized,
despite commonalities between them (23, 25).

Orsay virus susceptibility has a polygenic basis. The QTL in the RIL panel and
follow-up fine-mapping in the ILs identified a relatively small locus that contributes
to the viral susceptibility toward OrV infection. We investigated the effect of a cul-6
polymorphism and found that this SNP could contribute to viral susceptibility. This
allele appears to function in one direction by making the resistant CB4856 background
susceptible when carrying the N2-allele, despite the N2 cul-6 allele also has an antiviral
effect as demonstrated by in RNAi knockdown experiments (24). Thus, the CB4856
allele could either have a stronger antiviral function than the N2 cul-6 allele or the lat-
ter does not function as well in a CB4856 background. Notably, both allele versions are
commonly present in natural C. elegans populations (44).

However, the phenotypic difference between N2 and CB4856 cannot be entirely
explained by the cul-6 allele alone. The 12.4- to 12.9-Mb region also contains other
genes that may affect viral susceptibility. Some of these are transcriptionally activated
by OrV infection, others have more general or unknown cellular functions (16, 19, 22,
24, 37, 45). Besides, the 12.4- to 12.9-Mb region specifically investigated here, we show
that are multiple other loci and genes on chromosome IV contribute to viral

FIG 4 Legend (Continued)
of CUL-6. The location of the N2 and CB4856 polymorphism is indicated with an arrow. The amino acid conservation is indicated by the gray bars at the
bottom and by the annotations on top (single dot, weakly conserved; double dot, strongly conserved; asterisk, completely conserved). The gene cul-6
contains a polymorphism between N2 and CB4856 at a conserved site. Colors are based on the amino acid properties, and locations of alpha-helices are
indicated by cylinders (38). (C) Viral susceptibility of N2, CB4856, PHX1169 (N2 genetic background carrying a CB4856 cul-6 allele), and PHX1170 (CB4856
genetic background carrying a N2 allele) (significances from a t test).
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susceptibility. The left side of chromosome IV appeared to be involved in determining the
success of infection, but we could not verify this result in all the ILs. Studying this QTL may
be complicated because only a small fraction of infections fails. Nevertheless, some ILs cov-
ering the left side of chromosome IV had a viral susceptibility distinct from the parent. In
addition, strain WN351 carries a susceptible introgression at the 12.4- to 12.9-Mb locus but
remained resistant. This strain has a large introgression also covering the left side of chro-
mosome IV, where interacting genes may be located. Furthermore, we have some indica-
tion (not significant) that the left-side of chromosome II affects viral load. This is notewor-
thy because genetic variation between N2 and CB4856 in this region contributes to
microsporidian resistance (36). Therefore, it may be worthwhile infecting ILs with introgres-
sions on chromosome II to further investigate its potential role in OrV susceptibility.

Our results reveal part of the complex genetic basis of OrV susceptibility. These
results are in line with other studies mapping variation in viral susceptibility to
the hosts’ genome (see, for example, references 4 and 46–49). Because viruses use the
host’s cellular machinery to replicate and hosts have multiple mechanisms to counter-
act viruses, host-virus interactions will comprise many genetic interactions that can be
affected by genetic variation. Thus, future studies may aim to uncover genetic net-
works rather than a single gene to further enhance our understanding of natural varia-
tion in host-virus interactions.

MATERIALS ANDMETHODS
C. elegans strains. C. elegans strains Bristol N2 and Hawaiian CB4856 were used and strains derived

by crossing these two wild-type strains. Here, 52 RILs, 17 ILs with an N2-background (ILN2) and 10 ILs
with a CB4856 background (ILCB4856) covering chromosome IV were used. IL strains and RIL strains are
described in Table S1 in the supplemental material. The RILs were described previously (35). All these
genotypes have been confirmed by whole-genome sequencing on the Illumina HiSeq 2500 platform as
described by previously (50).

The strains PHX1169 cul-6(syb1169) and PHX1170 cul-6(syb1170), containing the cul-6 CB4856 allele
in a N2 background and the N2 cul-6 allele in a CB4856 background, respectively, have been created
by CRISPR-Cas9 by SunyBiotech (see File S1 in the supplemental material). These genotypes have been
confirmed by PCR sequencing. For syb1169 the primers SL01-Seq-s (AAGTGTTGTCTCTGAGTTGC) and
SL01-Seq-a (CGGATTAAGAGATCCTACGA) were used, and for syb1170 the primers SL02-SEQ-S
(AAGTGTTGTCTCTGAGTTGC) and SL02-SEQ-A (CGGATTAAGAGATCCTACGA) were used for sequencing.

C. elegans culturing. The nematodes were kept at 12°C in-between experiments on 6-cm nematode
growth medium (NGM) plates seeded with Escherichia coli OP50. Bleaching was used to synchronize
populations and to remove bacterial or fungal contaminations (51). Before experiments, a population
without males was created by picking single worms in the L1/L2 stage and transferring hermaphrodite
populations to fresh 9-cm NGM plates. New experiments were started by bleaching an egg-laying popu-
lation grown at 20°C.

Orsay virus stock preparation. Orsay virus stocks were generated by isolating OrV from a persis-
tently infected JU1580 culture as previously described (17, 18). In short, JU1580 populations were grown
on 100 9-cm NGM plates (51) containing twice the usual amount of agar to prevent the nematodes from
burying into the agar (34 g/liter). The nematodes were collected by washing the animals off the plate
with M9 buffer (51) and flash freezing the suspension in liquid nitrogen. After defrosting on ice, the su-
pernatant was collected and passed through a 0.2-mm filter. Specific infectivity of the virus stock was
tested by serial dilution infections in C. elegans JU1580 (17). Depending on the infectivity, 50 ml or 100
ml OrV/500 ml infection solution was used.

Infection experiments. The infection assay was conducted as described previously (17). In short, popu-
lations were synchronized (t=0h) by bleaching and grown at 20°C on 9-cm NGM plates. Per plate, approxi-
mately 300 animals were grown. Infections were performed on animals in the L1 (22h postbleaching) or L2
(26 or 28h postbleaching as indicated in the text) stage. Prior to the infection, the nematodes were washed
off the plate with M9 buffer and pelleted by centrifugation. The supernatant was removed, and the nemato-
des were exposed to OrV in liquid for 1h. For the L1/L2 comparison, RIL and IL experiments, and replicates 8
to 21 of the allele-swap experiment, stock titers determined at 50 ml/500 ml were used. For the replication
kinetics and replicates 1 to 7 of the allele-swap experiment, stock titers determined at 100 ml/500 ml were
used. The worms were washed three times with M9 and placed on a fresh 9-cm NGM plate.

For the replication kinetics experiments on N2 and CB4856, the animals were harvested 2 to 35h postin-
fection. The replication kinetics experiment was conducted eight times, and for each of these biological repli-
cates the animals were harvested at four to five different time points per replicate, equally covering the time
series for N2 and CB4856. Together, these eight experiments cover at least two independent biological repli-
cates per strain for every hour in the 2- to 35-h time course except for 35 to 39 h and 60h postinfection.

For the viral load experiments on the L1/L2 comparison, RIL and IL panels and the cul-6 allele swap
strains, the animals were harvested 30 h postinfection. The experiment in the RIL panel was conducted
on three independent biological replicates. The experiment in the IL panel was conducted on at least
five independent biological replicates. The experiment comparing L1/L2 nematodes was conducted on
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five independent biological replicates. The experiment using the cul-6 allele swap strains was conducted
on 21 independent biological replicates.

RNA isolation. The RNA was isolated using a Maxwell 16 AS2000 instrument with a Maxwell 16 LEV
simply RNA tissue kit (both Promega) according to the recommended protocol, except for the addition
of 10mg of proteinase K during the lysis step. The lysate was incubated in a Thermomixer (Eppendorf)
for 10 min at 658C at 1,000 rpm. After isolation the quality and quantity of the RNA was determined via
NanoDrop (Thermo Scientific).

cDNA preparation and qPCR. cDNA was synthesized using the GoScript reverse transcriptase kit
(Promega) according to the recommended protocol with random hexanucleotides (Thermo Scientific) and
1mg of total RNA as starting material. The cDNA was quantified by qPCR (MyIQ; Bio-Rad) using Absolute
QPCR SYBR green fluorescein mixes (Thermo Scientific) or iQ SYBR green Supermix (Bio-Rad) according to
the recommended protocol. The samples were quantified using the primers described by (17).

The qPCR data were processed using R (version 4.0.3), as described previously (17). In short, before
normalization, the qPCR measurements were transformed as determined by the following equation:

Qgene ¼ 2402CTgene

where Qgene is the expression of the gene and CTgene is the measured threshold cycle (CT) value of the
gene. The viral expression was normalized by the two reference genes, using the formula:

E ¼ QV

0:5 � Qrp16=Qrp16

� �
1 QY37E3:8=QY37E3:8

� �� �

where E is the normalized viral load, QV is the expression of the viral RNA and Qrp16 and QY37E3.8 are the
expression of reference genes rpl-6 and Y37E3.8, respectively. Viral load data presented here was batch
corrected for the batch effect caused by the different virus stock used by correcting for the average viral
loads of N2 and CB4856 (excluding unsuccessful infections) as these two strains were taken along in
every experiment.

From the replicate measurements in the RIL panel, several traits could be derived for QTL mapping
over the RIL population. The following parameters were derived, including all measurements: mean viral
load, median viral load, and minimum viral load. We excluded the unsuccessful infections (as these could
arise due to technical failures) unless indicated otherwise.

Data analysis. Quantitative data were analyzed in R (version 4.0.3). We used the “vegan” and “herit-
ability” packages for specific analyses as indicated below (52, 53). Furthermore, for data organization
and plotting the “tidyverse” packages were used (54).

Analysis of the infection kinetics differences between N2 and CB4856. For testing the differences
in infection kinetics between N2 and CB4856, PERMANOVA was used from the vegan package (the
adonis function) (52). We ran an interaction model only distinguishing between pre- and post-log-phase
E= Strain s² Agepre/post with 10,000 permutations.

To test differences in successful infections, a chi-squared test was performed on the number of
successful infections using the chisq.test function. For this, we used all L2 infection observations made in
the experiments presented here (115 infections in CB4856 and 121 infections in N2).

Quantitative trait locus mapping RIL population. Single locus QTL mapping was done using a
linear model to explain viral load and derived traits over the markers by

Ei ; xi;j 1 « i;j

where E is the viral load of RIL i (1, 2, . . ., 52) and x is the marker of RIL i at location j (a set of 1,152
sequenced markers was used [see Table S2 in the supplemental material]) (27). For E, the outcome of
each replicate of the experiment was averaged over the three biological replicates. The QTL confidence
interval was determined by a drop of 2 in the log10(p) value [e.g., if the peak was –log10(p) = 6, then the
boundary of the QTL was at –log10(p) = 4.0].

For the QTL mapping, the statistical threshold was determined via a permutation analysis, where
the values measured for E were randomly distributed over the genotypes. The same model as for the
mapping was used and this analysis was repeated 1,000 times. The 950th highest P value was taken as
the P value threshold for a false discovery rate of 0.05.

The variance explained by the QTL peak was calculated using the cor function (with Pearson correla-
tion), correlating the trait variation with the genotype at the peak-marker.

Heritability and variance calculations. The narrow-sense heritability’s (h2) were calculated per
investigated trait by REML (14, 55, 56) using the “heritability” package (53). Significance was determined
via 1,000 permutations, where the values measured for E were randomly distributed over the genotypes.

The variation of viral loads explained by a QTL peak (VExplained) was calculated by:

VExplained ¼ R2
QTL

h2

where R2QTL is the determination coefficient from fitting the peak marker to the trait as calculated by a
linear model and h2 is the narrow-sense heritability of the trait.

Introgression line analysis. The viral loads obtained for the introgression lines were analyzed
individually against N2 and CB4856 via a two-sided t test assuming unequal variance. Experiments
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where no virus was detected were excluded from the analysis. Moreover, we performed linkage
mapping for the two IL panels separately using a linear model to explain viral load over the markers by

Ei ; xi;j 1 « i;j

where E is the viral load of IL i (1, 2, . . ., 10 or 17) and x is the marker of IL i at location j (a set of 1,152
sequenced markers was used [see Table S2]). Each IL was compared against the respective parental
strain (N2 or CB4856). For E the outcome of each replicate of the experiment was averaged over the
biological replicates. A significance threshold was drawn at –log10(p). 3.5 for analysis of the data.

Allele swap analysis. Because we observed a high level of variance in the viral loads in N2 and
CB4856 and the effect size of the QTLIV:12.41-12.89 was small, we used a high level of replication for the allele swap
experiments by performing 21 biologically independent infections using three different virus stocks. Unsuccessful
infections were excluded from the analysis and the batch corrected viral load data (based on virus stock as
described above) was subsequently checked for outliers. Outliers were defined by 1.5 times the interquartile
range plus or minus the third or first quartile, respectively. After removal of the outliers (7% of the measure-
ments), a t test assuming unequal variances was performed to test for differences in viral load.

Protein structure analysis. Protein sequences from the human CUL1 (NCBI reference sequence
NP_003583.2), Saccharomyces cerevisiae CDC53 (GenBank accession no. CAA98702.1), Drosophila mela-
nogaster CUL-1 (GenBank AAD33676.1) and C. elegans CUL-1 (GenBank AAC47120.1), CUL-6 N2 allelic
variant (GenBank CAB01230.1), and CUL-6 CB4856 allelic variant were aligned using ClustalX (version
2.1) with the default settings (57). A structural model for the N2 and CB4856 allelic variant was predicted
using the human CUL1 protein structure as a template in the SWISS-MODEL ExPASy web server. The
default search parameters were used, based on the SWISS-MODEL template library (version 14/01/2015)
and the protein data bank (version 09/01/2015) (58–63). The obtained models for N2 and CB4856 CUL-6
were compared in SwissPDBViewer (v4.1.0) (64).

Data availability. All scripts and underlying data are available at https://git.wur.nl/published
_papers/sterken_sluijs_2020. In addition, the QTL experiment will be included in the next version of
WormQTL to facilitate interactive use of the data (32).
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