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Internal egg hatching in Caenorhabditis elegans, “worm bagging,” is induced by exposure to bacteria. This
study demonstrates that the determination of worm bagging frequency allows for advanced insight into the
degree of bacterial pathogenicity and is highly predictive of the survival of worm populations. Therefore, worm
bagging frequency can be regarded as a reliable population-wide stress reporter.

Caenorhabditis elegans worms normally lay eggs that hatch
outside the parental body. However, eggs can also be retained
and hatch inside the parental body, a process called “worm
bagging” due to the creation of a bag of worms, or “worm bag”
(WB) (22, 26). Internal hatching is modulated by genes (28)
and is not restricted to the widely used laboratory strain N2
(19). Internal hatching is rare when worms are maintained
under standard laboratory conditions. However, axenic condi-
tion (24), a transfer from solid to liquid medium (23), and
adverse environmental conditions, such as starvation (9) and
exposure to toxic compounds (8, 27) and bacteria (1, 20), can
increase the frequency of worm bags. It was proposed that
worm bagging may be an adaptive response, as the parental
body can provide enough food under starvation conditions for
larvae to reach the resistant dauer stage (10, 16). Retention of
progeny could also provide physical protection and transport
for small larvae, which could be released in more favorable
environments.

C. elegans is a widely used model organism for host-patho-
gen interaction studies (2, 6, 13, 17, 25). The impact of bacteria
on worms is evaluated through analysis of life history traits,
such as survival. In survival assays, worm bags are generally
disregarded or internal hatching is prevented by the use of
genetically sterile mutants, by ablation of germ line cells de-
spite the established role of the germ line in both life span and
immune response (3), or by chemical sterilization, e.g., 5-fluo-
rodeoxyuridine treatment (11), which can also affect the bac-
teria and significantly modify host-pathogen interactions.

This study investigates (i) how bacteria modulate worm bag
frequency, (ii) the correlation of worm bag frequency with life
span at the population level, and (iii) the impact of internal
hatching on nematode reproductive fitness. The C. elegans N2
(ancestral) strain was exposed to the following Gram-negative
Escherichia coli commensal and pathogenic strains: control
strain OP50 (7) (sequenced by R. C. May, N. J. Loman, A. S.
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Haines, M. J. Pallen, C. Bochnisch, C. W. Penn, C. H. Lee, and
J. Kim [personal communication]), ED1A (18), IAI13 (21),
MG1655 (5), IAIl (21), F11 (18), and 536 (18). The virulence
of these strains was previously established using the C. elegans
sterile fer-15 strain (14). The Gram-positive Enterococcus
faecalis strain OG1RF was also used (15). All assays were
performed at 25°C on monoxenically seeded nematode growth
medium agar plates with age-synchronized L4 worms devel-
oped on OP50 (4). The proportions of worm bags were deter-
mined over the 4-day reproductive period (Fig. 1A). The worm
bag frequency varied from 8% on OP50 to 59% on the patho-
genic 536 strain (Fig. 1B).

Worm bag frequency can be modulated by food availability
(9). However, this does not seem to be the case in this study.
The numbers of live cells (mean = SD) in bacterial lawns were
significantly different (unpaired ¢ test, P < 0.0001) between the
OP50 (3.83 X 10° = 8.46 X 10® CFU/lawn) and ED1A (1.15 X
10" = 9.56 X 10® CFU/lawn) strains, but the strains induced
similar bagging frequencies (Fig. 1B). In contrast, the ED1A
and 536 (1.45 X 10'° + 5.12 X 10® CFU/lawn) strains gener-
ated similar numbers of live cells but induced different bagging
frequencies (Fig. 1B). Thus, the nature of each bacterial strain,
not the quantity of cells, modulates worm bag frequency.

Next, the correlation between bagging frequency and life
span was established. Life span was defined as the time from
the end of L4 stage until death of the adult worm (4). When
worm bags were included in the analysis, the bagging frequency
correlated significantly with the mean life span (Fig. 2A) as
well as with the median and 25% survival rates (see Fig. S1A
and B in the supplemental material). This may be expected,
because worm bags have lower average survival rates and their
proportion in populations can be very high and increases with
bacterial pathogenicity (Fig. 1B). However, the correlations
between worm bag frequency and survival remained significant
even when worm bags were excluded from the survival analyses
(Fig. 2B; see also Fig. S1C and D in the supplemental mate-
rial). Attenuated lipopolysaccharide-truncated E. coli mutants
were constructed by gene replacement through homologous
recombination using pKD3 template plasmid (12) and the GT
GAATTTACTGACAGTGAGTACTGATCTCATCAGTAT
TTTGTGTAGGCTGGAGCTGCTTC and CATAGAGGAA
GAATGCTAGCAAAAAGAGCACCAGCATGACCATAT
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FIG. 1. Timeline and frequency of bacterium-induced internal egg hatching. (A) Cumulative percentage of worm bags appearing over the course of the C.
elegans reproductive period. Data are compiled, with all bacterial strains included, from all experiments of worm bag frequency determination (n = 55). Means =
standard deviations (SDs) are graphed. (B) Frequency of worm bags in C. elegans populations exposed to E. coli strains OP50 (n = 381), ED1A (n = 291), IAI13
(n = 245), MG1655 (n = 582), IAIl (n = 378), F11 (n = 235), and 536 (n = 905) and to E. faecalis strain OG1RF (n = 313). Data are compiled from at least
three independent experiments. Bagging frequencies were analyzed using a one-way analysis of variance (ANOVA), followed by Dunnett’s multiple-comparison
test against OP50. Means = standard errors of the mean (SEM) are graphed. ns, not significant; %, P < 0.05; #**, P < 0.0001.

GAATATCCTCCTTAG primers for the rfe gene. The
correlation between worm bag frequency and life span is also
significant in worm populations exposed to attenuated strains,
independently of whether worm bags are included or excluded
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(Fig. 2C and D). Therefore, worm bag frequency is highly
predictive of the survival of worm populations exposed to dif-
ferent bacterial strains. In addition, worm bag frequency pro-
vides advanced insight into the population’s life span because
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FIG. 2. Correlation of worm bag frequency with mean life span in C. elegans. Correlations between worm bag frequency and mean life span were calculated
using linear regression to mean survival when worm bags were included in (A and C) or excluded from (B and D) the survival assays. Worms (including and
excluding worm bags, respectively [12]) were exposed to E. coli strains OP50 (n = 381 and 344), ED1A (n = 291 and 261), IAI13 (n = 245 and 193), MG1655
(n = 582 and 402), IAIl (n = 378 and 211), F11 (n = 235 and 120), and 536 (n = 905 and 368) and E. faecalis strain OGIRF (n = 313 and 144) (A and B)
and to attenuated lipopolysaccharide-truncated E. coli mutants 536Arfe (n = 210 and 167), 536AwaaG (n = 214 and 198), and IAI1Asfe (n = 153 and 133) (C
and D). Data are compiled from at least three independent experiments. Means == SEM are graphed.
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FIG. 3. Impact of internal hatching on C. elegans fitness. (A) Average brood size per non-worm bag (NWB) individual (open symbols) or worm
bag (WB) individual (filled symbols) exposed to E. coli 536 (circles; NWB, n = 127; WB, n = 171) and E. faecalis OG1RF (squares; NWB, n =
61; WB, n = 54). Average brood sizes are as expected at 25°C. Data are compiled from at least two independent experiments. Significance of results
was determined by an unpaired ¢ test. ns, not significant; %, P < 0.05. Means = SDs are graphed. (B) Survival of the internally hatched (larvae;
filled symbols) and externally hatched (eggs; open symbols) offspring exposed to E. coli 536 (dashed lines; eggs, n = 328; larvae, n = 189) and E.
faecalis OG1REF (solid lines; eggs, n = 127; larvae, n = 122). Data were compiled from at least two independent experiments. Survival assays were
analyzed using the Gehan-Breslow-Wilcoxon test by comparing conditions by pairs and allowing for unequal hazard ratios. Means = SEM are

graphed. ns, not significant; *, P < 0.05.

90% of worm bags appear by the third day (Fig. 1A), while
complete survival studies can last over 2 weeks.

Internal hatching can result in the early death of individuals,
reducing population survival significantly when the worm bag
frequency reaches 20% (Fig. 2A to D; see also Fig. S1A to D
in the supplemental material). However, it is not necessarily
lethal to worms. Some worm bags expulse internally hatched
larvae and live as long as some non-worm bag individuals.
Because pathogenic bacteria induce high frequencies of worm
bags, to disregard or prevent worm bagging when investigating
host-pathogen interactions can lead to important underestima-
tions of the bacterial pathogenicity. Exclusion of worm bags
from survival assays resulted in overestimations of worm pop-
ulation survival by up to 27%.

Internal hatching decreases survival, but it also has the po-
tential to reduce reproductive output, i.e., fitness, because re-
tained larvae could damage gonads. Offspring production and
survival were quantified on E. coli 536 and E. faecalis OG1RF,
the two strains inducing worm bag frequencies more than 50%.
Individual nematodes were maintained in 12-well plates and
transferred every 24 h into new plate wells. The plates were
further incubated for 24 h to allow the eggs to hatch. All
internally hatched larvae were released or freed themselves by
the end of the reproductive period. Reproductive output was
measured as the total number of larvae produced per individ-
ual worm (4). Worm bags had as much or more progeny than
non-worm bag individuals (Fig. 3A). The impact of internal
hatching versus external hatching on the offspring’s survival
was also evaluated. Internally hatched worms survived as well
as or better than externally hatched worms (Fig. 3B). Thus,
internal hatching does not negatively impact brood size or
offspring survival.

Because worm bagging is induced by exposure to pathogens
and because its frequency correlates with the survival of non-
worm bag individuals, it cannot be neglected as an irrelevant
by-product and can be regarded as a population-wide stress

reporter. This study shows that worm bag frequency can be
used as a proxy for reliable survival determination and allows
for advanced insight into the degree of bacterial pathogenicity.
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