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SUMMARY Thermal developmental plasticity represents a
key organismal adaptation to maintain reproductive capacity in
contrasting and ﬂuctuating temperature niches. Although
extensively studied, research on thermal plasticity has mainly
focused on phenotypic outcomes, such as adult life history,
rather than directly measuring plasticity of underlying developmental processes. How thermal plasticity of developmental
phenotypes maps into plasticity of resulting ﬁnal phenotypes,
and how such mapping relationships evolve, thus remain
poorly understood. Here we address these questions by
quantifying thermal plasticity of Caenorhabditis hermaphrodite
germline development. We integrate measurements of germline development and fertility at the upper thermal range in
isolates of C. briggsae, C. elegans, and C. tropicalis. First, we
compare intra- and interspeciﬁc variation in thermal germline
plasticity with plasticity in reproductive output. Second, we ask
whether the developmental errors leading to fertility break-

down at upper thermal limits are evolutionarily conserved. We
ﬁnd that temperature variation modulates spermatogenesis,
oogenesis and germ cell progenitor pools, yet the thermal
sensitivity of these processes varies among isolates and
species, consistent with evolutionary variation in upper thermal
limits of hermaphrodite fertility. Although defective sperm
function is a major contributor to heat-induced fertility breakdown, high temperature also signiﬁcantly perturbs oogenesis,
germline integrity, and mitosis–meiosis progression. Remarkably, the occurrence and frequency of speciﬁc errors are
strongly species- and genotype-dependent, indicative of
evolutionary divergence in thermal sensitivity of distinct
processes in germline development. Therefore, the Caenorhabditis reproductive system displays complex genotype-bytemperature interactions at the developmental level, which
may remain masked when studying thermal plasticity exclusively at the life history level.

INTRODUCTION

knowledge of how adaptation to contrasting thermal niches
shapes evolutionary variation in temperature responses of
reproductive development, and how such developmental
responses allow for successful reproduction at extreme
temperatures.
As for all ectotherms, temperature strongly modulates
growth and reproduction of androdioecious (hermaphroditemale) Caenorhabditis nematodes (Anderson and Coleman
1982; Grewal 1991; Harvey and Viney 2007). C. elegans and
other Caenorhabditis species have mainly been isolated from
microbe-rich, decaying plant matter, such as rotting fruit or
compost (Barriere and Felix 2005; Haber et al. 2005; Felix and
Braendle 2010). The natural Caenorhabditis microhabitat is
thus usually strongly ephemeral, with marked temporal and
spatial ﬂuctuations in temperature, and high temperatures
generated by the decomposition process of organic matter are
likely frequently encountered. Caenorhabditis populations
further undergo considerable seasonal and geographic variation
in climatic conditions: they occur world-wide and are found in
regions where temperatures frequently exceed optimal temperatures for reproduction (Dolgin et al. 2008; Kiontke et al. 2011;
Andersen et al. 2012; Felix and Duveau 2012). Fecundity assays

The thermal environment is tightly linked to organismal
development and evolution, with climatic variation driving
patterns of species and genetic diversity at different spatial and
temporal scales (Angiletta 2009; Mayhew et al. 2012; Stegen
et al. 2012). Although adaptation to divergent thermal niches is
common (Hoffmann and Willi 2008), most organisms also
possess a considerable degree of thermotolerance, essential for
reproduction in thermally ﬂuctuating microhabitats, for example, due to seasonal or diurnal temperature variation. A key
component underlying such organismal thermotolerance is
thermal plasticity of development, so that a single genotype may
be able to reproduce across a wide range of temperatures
(Angiletta 2009). Thermal plasticity is universal and has been
reported for diverse developmental, physiological, and life
history phenotypes in ectotherms (Hoffmann and Parsons 1997;
Sorensen and Loeschcke 2007; Angiletta 2009). Despite this
progress, the causal connection between thermal plasticity in
development and its ultimate effects on life history phenotypes,
have rarely been studied (Feder and Mitchell-Olds 2003; Portner
et al. 2006; Braendle et al. 2011). In particular, we lack detailed
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in laboratory conditions show that most C. elegans isolates
exhibit a maximal self-brood size at culture temperatures of 18–
20°C (Harvey and Viney 2007; Anderson et al. 2011) with an
upper thermal range of 26–27°C, and complete sterility is
observed at temperatures higher than 28°C (Fatt and Dougherty
1963; Grewal 1991; Felix and Braendle 2010; Petrella 2014).
The three currently known Caenorhabditis species with an
androdioecious reproductive mode—which in each instance
evolved independently from gonochoristic ancestors (Kiontke
et al. 2011)—inhabit partially distinct temperature niches: C.
briggsae and C. elegans isolates are cosmopolitan, although C.
elegans is much rarer in the tropics (Kiontke et al. 2011); C.
tropicalis is exclusively found in tropical regions (Gimond et al.
2013). Consistent with their geographic distribution, C.
tropicalis and C. briggsae show a globally higher upper thermal
limit of reproduction than C. elegans (Prasad et al. 2010;
Kiontke et al. 2011; Felix and Duveau 2012; Gimond et al. 2013;
Begasse et al. 2015). Moreover, C. briggsae displays intraspeciﬁc variation in upper thermal limits of hermaphrodite
reproduction, consistent with genetic differentiation of isolates
into tropical and temperate clades (Cutter et al. 2006; Prasad
et al. 2010; Felix et al. 2013). Such signatures of apparent
thermal adaptation according to latitudinal origin are not evident
in C. elegans; in addition, wild isolates from the same habitat or
latitude may differ in thermal reaction norms for reproductive
traits (Abdul and Cote 1996; Gutteling et al. 2006; Harvey and
Viney 2007; Anderson et al. 2011; Petrella 2014).
The three androdioecious Caenorhabditis species reproduce
primarily through self-fertilizing hermaphrodites (Barriere and
Felix 2005, 2007; Gimond et al. 2013; Thomas et al. 2015), and
the basic organization of their gonad, consisting of two bilaterally
symmetric arms, appear very similar (Rudel and Kimble 2001;
Kimble and Crittenden 2007; Haag 2009; Ellis 2010; Thomas
et al. 2012) (Fig. 1A). In C. elegans, a population of mitotic
precursors is maintained through proliferative signals emanating
from the Distal Tip Cell, which deﬁnes the germ stem cell niche
(Austin and Kimble 1987; Henderson et al. 1994). As mitotic
cells move proximally, they enter progressive steps of meiosis
and initially differentiate into sperm during the last larval stage,
then exclusively into oocytes for the remainder of adult life (Ellis
2010). Germ cell proliferation and oocyte differentiation are
maintained throughout the reproductive period, with adult
hermaphrodites containing approximately 1000 germ cells per
gonad arm (Kimble and Crittenden 2007). The sequential
production of sperm and oocytes causes offspring number of
selﬁng C. elegans hermaphrodites to be limited by sperm number
(Hodgkin and Barnes 1991; Cutter 2004), although in nonoptimal growth conditions oocyte production may also become
limiting (Ward and Carrel 1979; Goranson et al. 2005; Murray
and Cutter 2011). In the C. elegans reference strain N2, selfsperm number matches life time offspring number, with a
production of approximately 300 self-progeny over a reproductive period of 3–4 days at 20°C (Ward and Carrel 1979; Hodgkin
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and Barnes 1991; Hodgkin and Doniach 1997). Studies
measuring reproductive output of selﬁng hermaphrodites in
various C. elegans (Petrella 2014) and C. briggsae (Prasad et al.
2010) isolates developing at upper thermal limits suggest that
fertility break-down at high temperature is primarily due to
defects in sperm function. This is consistent with the observation
that even a short, temporary heat exposure causes permanent
damage of C. elegans hermaphrodite sperm (Aprison and
Ruvinsky 2014). In contrast to hermaphrodite spermatogenesis,
oogenesis seems only slightly impaired by prolonged heat stress,
as fertility can be partly restored by mating with males from
optimal temperatures in both C. elegans and C. briggsae.
However, the extent of such fertility rescue in heat-exposed
hermaphrodites after mating varies between isolates, suggesting
that the contribution of heat-induced oogenesis defects depends
on the genotype examined (Harvey and Viney 2007; Prasad et al.
2010; Aprison and Ruvinsky 2014; Petrella 2014). The nature of
such oogenesis defects has not been characterized and it remains
overall unclear how different processes of the hermaphrodite
germline developmental system integratively respond to thermal
variation, and how such responses evolve.
Thermal developmental plasticity of the hermaphroditic
Caenorhabditis reproductive system therefore remains poorly
understood and, in particular, it is unclear how differential
temperature sensitivity of germline progression and differentiation (spermatogenesis versus oogenesis) integrate to
explain fertility break-down at upper thermal limits of
hermaphrodite reproduction. Here we address this question
through quantiﬁcation of thermal sensitivity of the germline
system and its reproductive consequences in the hermaphroditic
Caenorhabditis species, C. briggsae, C. elegans, and C.
tropicalis (Felix et al. 2014). Our principal aim was to quantify,
in parallel, inter- and intraspeciﬁc of thermal reaction norms in
both hermaphrodite fertility and underlying germline developmental traits. So far, thermal developmental sensitivity of
Caenorhabditis hermaphrodite fertility has predominantly
focused on fecundity measures at the upper thermal range
without precise characterization of underlying germline defects
(Harvey and Viney 2007; Prasad et al. 2010; Petrella 2014).
Moreover, quantiﬁcations of thermal reaction norms for
hermaphrodite germline traits are lacking and the precise nature
of germline developmental errors ultimately leading to fertility
break-down at high temperature remains uncharacterized. We
therefore integrate, ﬁrst, quantitative measures of thermal
sensitivity in germline progression, spermatogenesis, and
oogenesis with measures of thermal sensitivity in hermaphrodite
fertility across ﬁve temperatures at the upper thermal range. This
aim thus speciﬁcally addresses how thermal developmental
plasticity of the germline connects with thermal plasticity of an
adult life history trait, i.e., hermaphrodite fertility. Second, we
characterize in detail the interplay of developmental defects in
the germline that explain hermaphrodite fertility break-down at
upper thermal limits. Performing these experiments in
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Fig. 1. Evolutionary variation in thermal sensitivity of hermaphrodite fertility and sperm number (A) Schematic representation of the adult
hermaphrodite gonad morphology. Hermaphrodites have two gonad arms connected together by the uterus that produce sperm and oocytes
sequentially during development. DTC (Distal Tip Cell): red, mitotic region: yellow, meiotic region: green, oocytes: pink, sperm: blue. (B–F)
Quantiﬁcation of lifetime hermaphrodite fertility and sperm number was performed in parallel at ﬁve different growth temperatures. Note
that C. elegans N2 and CB4856 showed larval arrest (LA) at 29°C and 30°C. (B–D) Offspring and sperm number are represented separately
for the two isolates of each species. (B) Offspring and sperm number in C. elegans isolates. (C) Offspring and sperm number in C. briggsae
isolates. (D) Offspring and sperm number in C. tropicalis isolates. (E, F) Percentage change in temperature effect on (E) offspring number
(relative to mean offspring number at 20°C), and (F) sperm number (relative to mean sperm number measured at 20°C). For statistical tests,
see Table 1. Error bars indicate  1 SE. (N ¼ 13–22 individuals/isolate/temperature).

Caenorhabditis isolates and species—with both distinct and
overlapping upper thermal limits of hermaphrodite fertility—
allowed us to speciﬁcally explore how evolutionary divergence
versus conservation of thermal limits in hermaphrodite fertility
connect with underlying thermal sensitivity of the germline
developmental system.

RESULTS

Thermal sensitivity of hermaphrodite fertility
To quantify evolutionary variation in thermal sensitivity of
hermaphrodite self-fertility, we examined two—genetically and
geographically distinct—isogenic isolates from each of the three
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Table 1. Statistical analysis testing for species, isolate and temperature effects on hermaphrodite fertility and sperm
number
Source
A) Fertility (offspring number)
Species
Isolate (species)
Temperature
Species  temperature
Isolate (species)  temperature
Error
B) Sperm number
Species
Isolate (species)
Temperature
Species  temperature
Isolate (species)  temperature
Error

DF

Sum of squares

F Ratio

P

1
3
2
6
10
444

405.73
1966.00
477.06
963.51
386.24
3171.51

56.80
91.74
33.39
22.48
5.41

<0.0001
<0.0001
<0.0001
<0.0001
<0.0001

1
3
2
6
10
482

1318.49
366.22
45.61
44.82
48.14
1392.85

456.27
42.24
7.89
2.59
1.67

<0.0001
<0.0001
0.0004
0.0178
0.0859

ANOVA testing for the ﬁxed main effects of Species, Isolate (nested in Species), Temperature, and all possible interaction effects on (A) fertility
(lifetime offspring number) and (B) sperm number .Trait values were square-root-transformed for analysis. For data representation, see Figure 1.

1

hermaphroditic Caenorhabditis species (see Materials and
Methods for details). Experimental individuals, descended
from cultures reared at 20°C for several generations, were
exposed to ﬁve temperatures ranging from 20°C to 30°C, from
embryo to adult stage and throughout the reproductive period.
Temperature regimes were selected to include temperatures
ranging from near-optimal temperatures to upper thermal limits
of reproduction, that is, where most hermaphrodites still
produced some viable larval offspring (Fig. 1, B–F).
Thermal reaction norms of fertility of selﬁng hermaphrodites
showed signiﬁcant inter- and intraspeciﬁc variation (Fig. 1, B–F,
Table 1A). C. elegans isolates showed a gradual decline of
hermaphrodite fertility from 20°C to 26.5°C, with no or very
few offspring produced above 27°C (data not shown) and
individuals cultured at 29–30°C arrested development during L2
or L3 larval stages. Tropical isolates of C. briggsae (AF16) and
C. tropicalis showed increased fertility at 25°C versus 20°C, and
the temperate C. briggsae isolate (HK104) had similar fertility
at these two temperatures. From 26.5°C to 30°C, hermaphrodite
fertility gradually decreased for all isolates except for C.
tropicalis QG131, which maintained fertility from 25°C to 29°
C. Development at the maximum temperature of 30°C
uncovered intraspeciﬁc variation in upper thermal limits of
hermaphrodite fertility: C. tropicalis QG131 and C. briggsae
AF16 were still capable of producing approximately 50 viable
offspring although their counterparts NIC58 and HK104 were
sterile (Fig. 1,C and D). Thermal sensitivity, reaction norms, and
upper thermal limits of hermaphrodite fertility thus varied
signiﬁcantly both between and within species (Fig. 1, B–E,
Table 1A). Note that embryonic lethality (i.e., unhatched
embryos laid on plates) and the production of unfertilized

oocytes were rarely observed for all isolates (1–2%) and thus not
analyzed. However, given that both dead embryos and
unfertilized oocytes may have rapidly disintegrated upon
laying, or been retained in utero, we measured these traits in
a separate experiment (see below).
Observed variation in upper thermal limits of hermaphrodite
fertility was largely consistent with climatic origins of C.
briggsae isolates (which group into genetically distinct temperate
and tropical clades (Prasad et al. 2010; Felix et al. 2013)) and
isolates of C. tropicalis, a species conﬁned to tropical regions
world-wide (Kiontke et al. 2011; Gimond et al. 2013). Nevertheless, thermal reaction norms of fertility were distinct for C.
tropicalis NIC58 (French Guiana) and QG131 (Hawaii) (Fig. 1, D
and E). In contrast, in C. elegans, the tropical CB4856 and the
temperate (laboratory strain) N2 did not differ in upper thermal
limits of fertility. Analysis of additional C. elegans isolates from
different climatic regions (LKC34, JU258, MY2, JU830) showed
a very similar fertility decline from 20°C to 26.5°C (Fig. S1),
consistent with previous reports that C. elegans shows little
intraspeciﬁc variation in upper thermal limits of hermaphrodite
fertility (Harvey and Viney 2007; Anderson et al. 2011; Petrella
2014). Taken together, these observations indicate strong,
species-speciﬁc genotype-by-temperature interactions for reproductive performance of selﬁng hermaphrodites in C. briggsae and
C. tropicalis (Fig. 1,C and D).

Thermal sensitivity of hermaphrodite sperm
production
In parallel to the above measurements of hermaphrodite fertility,
we used the same populations to measure self-sperm production
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in early adult hermaphrodites at the onset of embryo production
and after completion of spermatogenesis. Correlations between
hermaphrodite fertility and sperm number were overall weak, so
that sperm number greatly exceeded offspring number across
temperatures and isolates examined (Fig. 1, B–D). From 20°C to
26.5°C, sperm number of C. elegans isolates varied little,
whereas C. briggsae and C. tropicalis showed a gradual
reduction of sperm number at temperatures from 25°C to 30°C
(Fig. 1, B–D and F). Overall, sperm number was thus less
temperature-sensitive than lifetime offspring production (Fig. 1,
Table 1), suggesting that offspring reduction at high temperature
cannot be attributed to a corresponding reduction in sperm
number per se.

Defects in both spermatogenesis and
oogenesis contribute to fertility break-down at
high temperature
Reduced hermaphrodite fertility observed at upper thermal limits
may be explained by reduced sperm fertility (e.g., motility,
activation), reduced sperm usage efﬁciency and/or defects in
oogenesis. We therefore tested to what extent hermaphrodite
fertility at upper thermal limits can be restored upon mating with
males grown at optimal lower temperatures, similar to experiments performed previously (Harvey and Viney 2007; Prasad et al.
2010; Petrella 2014). For most isolates, male mating signiﬁcantly
increased fertility of heat-exposed hermaphrodites relative to
heat-exposed hermaphrodites that selfed (Fig. 2A), implying that

Fig. 2. Fertility break-down at high temperature is
due to sperm and oocyte defects. (A) Fertility
(lifetime offspring number) of self-fertilized versus
male-fertilized hermaphrodites grown at an optimal,
lower temperature (grey bars) versus high temperature (black bars). Temperatures included were 20°C
versus 26.5°C for C. elegans (N2 and CB4856), 25°
C versus 30°C for C. briggsae (AF16 and HK104)
and C. tropicalis (NIC58 and QG131). Data for selffertility are the same as shown in Figure 1, B–D and
presented here for comparison with cross-fertility
data. For male fertilization assays, single young
adult hermaphrodites from the different temperature
treatments were allowed to mate for 24 h with three
males grown at low temperature. For the duration of
the male mating, animals were placed at the lower
temperature. Measures of offspring number were
only included for hermaphrodites that had successfully mated, that is, where their progeny consisted of
at least 20% males. Hermaphrodites grown at high
temperature had strongly reduced lifetime offspring
numbers (P < 0.001) except for C. tropicalis
QG131, which showed only a slight, yet still
signiﬁcantly
reduced
offspring
number
(P ¼ 0.035). Asterisks indicate signiﬁcant differences in offspring numbers of mated hermaphrodites
grown at low versus high temperatures ( P < 0.05,

P < 0.001,  P < 0.0001) (One-Way ANOVAs,
performed separately for each isolate, testing for
the effect of temperature on offspring number).
(B) Offspring numbers of self-sperm depleted
hermaphrodites (L4 þ 72 h) grown at an optimal,
low temperature, mated for 24 h to males grown at
the same temperature (grey bars) versus high
temperature (black bars). Matings were performed
at the lower temperature. Sperm-depleted hermaphrodites mated to males grown at high temperature
had signiﬁcantly reduced offspring numbers
(P < 0.001) (One-Way ANOVAs, performed separately for each isolate, testing for the effect of
temperature on offspring numbers). The two
C. briggsae isolates did not produce any offspring.
Error bars indicate  1 SE. (N ¼ 7–21 individuals/
isolate/temperature).
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high temperature reduces hermaphrodite sperm fertility. However, in all isolates, fertility of mated hermaphrodites grown at
high temperatures was drastically reduced compared to mated
hermaphrodites grown at low temperatures (Fig. 2A). Functional
sperm of males grown at low temperature can thus only partly
restore fertility of heat-exposed hermaphrodites, indicative of
deleterious high temperature effects on oogenesis. In the extreme
case of C. briggsae HK104, heat-exposed hermaphrodites
remained completely sterile despite successful mating with
control males having functional sperm (Fig. 2A).
In a complementary experiment we tested whether males
grown at upper thermal limits exhibit defects in sperm fertility.
Heat-exposed males showed strongly reduced fertilization
success relative to control males when mated to sperm-depleted
hermaphrodites kept at lower optimal temperature (Fig. 2B),
conﬁrming that high temperature also strongly reduces sperm
fertility in males (Prasad et al. 2010; Petrella 2014). One
important limitation of these experiments is that high temperature may also negatively affect other traits than sperm fertility,
such as male mating behavior; however, we could conﬁrm by
visual observations that male mating and sperm transfer
occurred in all analyzed crosses, which suggests that high
temperature likely directly disrupts male sperm fertility.
Fertility break-down of Caenorhabditis hermaphrodites at
upper thermal limits is thus caused by defects in sperm fertility,
and to a lesser extent, due to defects in oogenesis. Species- and
isolate variation in the capacity to restore hermaphrodite fertility
upon mating with fertile males further indicates evolutionary
variation in the relative contribution of spermatogenesis versus
oogenesis defects towards reduced fertility at upper thermal
limits.

Thermal sensitivity of germline development
To characterize thermal sensitivity of germline development, we
measured cell numbers of mitotic and meiotic compartments
using DAPI-stained gonads dissected from early adults (L4
þ 24 h) (Fig. 3, A–C, S2), performed in parallel to offspring and
sperm number quantiﬁcations described above, using identical
populations and temperature regimes. This assay allowed
quantiﬁcation of all germline progenitors in mitosis and meiotic
pachytene, which, at this stage, exclusively reﬂect precursors for
potential oocytes. Maximal numbers of germ cells were reached
at temperatures optimal for reproduction (Fig. 1). Germ cell
numbers gradually decreased with increasing temperature
(Fig. 3D) but thermal reaction norms of germ cell counts
were often non-linear and/or different between isolates and
species (Fig. 3, D–F, Table 2). At higher temperatures,
signiﬁcantly reduced numbers of both mitotic and meiotic cells
contributed to the overall reduction of germline size, yet
proportionally a greater decrease in meiotic, rather than mitotic,
progenitors accounted for this reduction (Fig. 3, E–I). Therefore,
the observed temperature-induced decrease of germline size
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occurred through unequal changes of mitotic versus meiotic
germ cells progenitors.
To better characterize how high temperature affects such
differences in mitosis–meiosis progression, we quantiﬁed germ
cell proliferation and apoptosis—two processes directly
modulating mitotic and meiotic germ cell numbers—in C.
elegans N2 at 20°C versus 26.5°C (L4 þ 24 h). First, anti-PH3
staining labelling mitotic cells in the M phase (Crittenden et al.
2006), did not reveal any effect of temperature on the mitotic
index (PH3 positive cells/total mitotic cells) (Fig. 4A), a
measure indicative of germ cell proliferation (Crittenden et al.
2006). Therefore, temperature did not affect rates of germ cell
proliferation at this adult stage. Second, we compared rates of
germ cell apoptosis at 20°C versus 26.5°C using the ced-1::gfp
transgene in the N2 background (Zhou et al. 2001). At 26.5°C,
apoptosis of meiotic germ cells was signiﬁcantly increased
throughout adulthood (Fig. 4B). The maximum difference was
reached at the late L4 þ 24 h stage, when germ cell apoptosis
was increased up to 5-fold (Fig. 4B), consistent with the strongly
reduced pool of meiotic germ cell precursors at 26.5°C (Fig. 3F).
Therefore, thermal sensitivity of the germline is marked by a
signiﬁcant upregulation of apoptosis in the meiotic germline and
a relatively thermally insensitive proliferative capacity, resulting in a disproportionately larger reduction of the meiotic
precursor pool.

Development at upper thermal limits induces
diverse genotype-dependent germline defects
We next complemented our analysis of quantitative changes in
thermal sensitivity of germline traits, with a characterization of
developmental defects contributing to fertility break-down at
upper thermal limits. We ﬁrst examined early adults (L4 þ 24 h)
using Nomarski microscopy (Fig. 5) from all isolates reared at
respective optimal (low) versus high temperatures. At high
temperatures, the proportion of individuals containing dead or
morphologically abnormal embryos in utero reached 80% for
the two C. elegans isolates but only 5–40% for isolates of C.
briggsae and C. tropicalis (Fig. 5A). Similarly, unfertilized
oocytes in utero were present in 80% of hermaphrodites in the
two C. elegans isolates, but were absent or occurred at very low
frequency for isolates of C. briggsae and C. tropicalis (Fig. 5B).
The frequencies of both dead/abnormal embryos and unfertilized oocytes in utero were, however, increased 24 h later
(L4 þ 48 h stage) for certain C. briggsae and C. tropicalis
isolates (Fig. S4). The production of unfertilized oocytes are
consistent with defects in sperm function, whereas abnormal
embryogenesis may be due to defects in both sperm and oocytes.
To quantify the developmental basis of these fertility defects
at upper thermal limits in more detail, we next characterized
abnormalities in the germline using intact DAPI-stained adult
hermaphrodites (L4 þ 24 h) reared at low versus high temperatures. Development at high temperatures induced a broad
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Fig. 3. Evolutionary variation in thermal sensitivity of the oogenic germline. (A–C) Dissected DAPI-stained gonad arms of young adult
hermaphrodites of (A) C. elegans N2, (B) C. briggsae HK104, and (C) C. tropicalis QG131 reared at 20°C, 26.5°C, or 30°C (for images of all
examined isolates, see Fig. S2). White lines indicate the boundaries between mitotic zone and entry into meiotic (transition) zone of germ
cells. Scale bar: 20 mm. (D–F) Thermal reaction norms of (D) total germ cell number, (E) mitotic germ cell number, and (F) meiotic germ cell
number. (G–I) Percentage change in temperature effect on (G) total germ cell number (relative to mean germ cell number measured at 20°C),
(H) in mitotic germ cell number (relative to mean mitotic cell number measured at 20°C) and (I) in meiotic germ cell number (relative to mean
meiotic cell number measured at 20°C). For statistical tests, see Table 2. LA, Larval Arrest. Error bars indicate  1 SE. (N ¼ 11–23
individuals/isolate/temperature).
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Table 2. Statistical analysis testing for species, isolate and temperature effects on germline traits
Source
A) Total germ cell number
Species
Isolate (species)
Temperature
Species  temperature
Isolate (species)  temperature
Error
B) Mitotic cell number
Species
Isolate (species)
Temperature
Species  temperature
Isolate (species)  temperature
Error
C) Meiotic cell number
Species
Isolate (species)
Temperature
Species  temperature
Isolate (species)  temperature
Error

DF

Sum of squares

F Ratio

P

1
3
2
6
10
451

14.82
998.65
123.06
384.21
396.03
2824.29

2.37
53.16
9.83
10.23
6.32

0.1247
<0.0001
<0.0001
<0.0001
<0.0001

1
3
2
6
10
457

51.92
72.64
31.06
127.17
24.44
681.63

34.81
16.23
10.41
14.21
1.64

<0.0001
<0.0001
<0.0001
<0.0001
0.0929

1
3
2
6
10
455

0.47
1159.40
150.36
302.04
436.53
3245.50

0.07
54.18
10.54
7.06
6.12

0.7977
<0.0001
<0.0001
<0.0001
<0.0001

ANOVA testing for the ﬁxed main effects of Species, Isolate (nested in Species), Temperature, and all possible interaction effects on (A) total germ
cell number, (B) mitotic cell number, and (C) meiotic cell number. Trait values were square-root-transformed for analysis. For data representation, see
Figure 3.

3

spectrum of distinct germline defects (Fig. 6), which were never
observed at lower temperatures. Moreover, the type and
frequency of these defects, indicative of errors in fertilization,
oogenesis, and germline patterning, were strongly genotype-

dependent. At high temperature, endomitotic oocytes (Emo)
were present in most animals of the two C. elegans isolates, but
less frequent in all other isolates (Fig. 6A, S5A). Endomitotic
oocytes were observed in the proximal germline end as well as in

Fig. 4. Quantiﬁcation of germ cell proliferation and apoptosis in C. elegans N2 at 20°C versus 26.5°C. (A) The mitotic index (PH3-positive
cells/total mitotic cells), indicative of rates of germ cell proliferation (Crittenden and Kimble 2008), in C. elegans N2 did not differ between
individuals reared at 20°C and 26.5°C (ANOVA, F1,50 ¼ 0.90, P ¼ 0.36). Numbers inside bars indicate number of individuals assayed. (B)
Quantiﬁcation of germline apoptosis of individuals reared at 20°C and 26.5°C using a ced-1::GFP reporter strain (Zhou et al., 2001).
Apoptosis was quantiﬁed in live animals at four time points, from late L4 to late adults (L4 þ 48 h), grown at 20°C or 26.5°C (Sample sizes
per temperature/developmental stage: 30–50 individuals). Asterisks indicate signiﬁcant differences in the number of apoptotic corpses
observed at 20°C versus 26.5°C using Mann–Whitney U tests performed separately for each developmental stage:  P < 0.05,  P < 0.01,

P < 0.001. Error bars indicate  1 SE.
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Fig. 5. Evolutionary variation in thermal sensitivity: abnormal/dead embryos and unfertilized oocytes in utero (L4 þ 24 h). Effects of high
temperature on the production of dead/abnormal embryos and unfertilized oocytes in utero inferred from Nomarski microscopy of live adults
(L4 þ 24 h) for C. elegans (20°C versus 26.5°C), C. briggsae (25°C versus 30°C) and C. tropicalis (25°C versus 30°C). Graphs indicate
percentage of individuals with (A) dead/abnormal embryos in utero, (B) unfertilized oocytes in utero at 26.5°C for C. elegans N2 and CB4856
and at 30°C for C. briggsae AF16 and HK104, and C. tropicalis NIC58 and QG131. Neither of these defects was observed at control
temperatures of 20°C (C. elegans) and 25°C (C. briggsae, C. tropicalis) and all control animals contained live embryos (N ¼ 100 for each
isolate) (data not shown). Numbers above bars indicate number of individuals assayed. (C–F) Nomarski microscopy images of live adult
hermaphrodites (L4 þ 24 h) grown at high temperatures. (C) C. elegans N2 at 26.5°C: germline with abnormal embryos in utero, (D) C.
elegans CB4856 at 26.5°C: germline with abnormal embryos in utero, (E) C. elegans CB4856 at 26.5°C: germline with unfertilized oocytes
in utero, (F) C. briggsae AF16 at 30°C: germline with unfertilized oocytes in utero.

the uterus, consistent with our observations of unfertilized
oocytes in utero in late adult hermaphrodites (L4 þ 48 h)
(Fig. 5B), which are indicative of failures in oocyte maturation,
ovulation and/or fertilization (Ward and Carrel 1979; Iwasaki
et al. 1996; Greenstein 2005; Kim et al. 2010). C. elegans
isolates also exhibited aberrant formation of additional oocyte
differentiation zones (cellularization and enlargement typical of
diakinesis-stage oocytes) in 15–20% of individuals (Fig. 6B).
Early adults (L4 þ 24 h) of C. briggsae and C. tropicalis never
showed this defect but older adults (L4 þ 48 h) exhibited a very
similar defect albeit at much lower frequencies (Fig. S5B). In C.
elegans animals, such additional oocyte differentiation zones
were detected in regions proximal to the loop region,
intercalated in pachytene precursor cells (Fig. 6B).
C. briggsae HK104 showed a different penetrant error
phenotype linked to oogenesis at high temperature: approximately 80% of individuals at the L4 þ 24 h stage did not contain
any differentiated, enlarged oocytes (Fig. 6C). The frequency of
such individuals without oocytes was slightly decreased at the

L4 þ 48 h stage (Fig. S5C), indicating that oocyte differentiation
may not be completed inhibited, yet strongly delayed at 30°C.
The prevalence of incomplete oocyte development provides a
likely explanation why fertility of heat-exposed C. briggsae
HK104 hermaphrodites could not be recovered by transfer of
functional male sperm (Fig. 2A); in addition, this result also
explains the low frequency of dead/abnormal embryos and
unfertilized oocytes in utero for this isolate (Fig. 5). This isolatespeciﬁc defect was associated with incomplete sperm maturation: most animals contained a large fraction of primary
spermatocytes, with few mature sperm formed (data not shown).
Given that sperm signals stimulate C. elegans ovulation and
oogenesis (Miller et al. 2001), incomplete spermatogenesis may
be causally linked to the reduced capacity of oocyte differentiation and maturation.
Growth at high temperature further triggered abnormalities
in the distal germline, often observed in C. elegans CB4856.
Unusual accumulation of germline precursor cells caused
swelling of the most distal mitotic germline, leading to a

N. Poullet et al.

Thermal sensitivity of Caenorhabditis germline development

bulge-like distal germline (Fig. 6D). In addition, we observed
rare, yet highly reproducible induction of germline outgrowths
in C. elegans N2 and CB4856, but never in other isolates
(Fig. 6E). Such germline outgrowths resembled bifurcated
gonad arms, occurring in the mitotic zone, transition zone, and
distal meiotic region of the germline.
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The C. tropicalis isolate NIC58 displayed another distinct
germline patterning error where undifferentiated germ cells
were present in germline regions adjacent to the uterus, that is,
proximal to differentiated sperm (Fig. 6F)—a defect likely
leading to complete sterility.
Hermaphrodite fertility break-down at upper thermal limits
involves a surprisingly large spectrum of underlying defects in
distinct processes of germ cell differentiation, spermatogenesis,
and oogenesis. The observation of speciﬁc defects, for example,
the induction of multiple oocyte differentiation zones shows that
thermal sensitivity of oogenesis likely contributes to fertility
decline at upper thermal limits. Moreover, high temperature
may also perturb germ cell proliferation and mitosis-meiosis
progression in the adult oogenic germline (Fig. 6). Importantly,
however, the occurrence and frequency of many temperatureinduced germline defects observed were strongly contingent
upon species and genotype examined. Fertility break-down at
upper thermal limit of hermaphrodite reproduction thus arises
through evolutionarily divergent combinations of developmental errors.

DISCUSSION

Evolutionary variation in thermal sensitivity of
hermaphrodite fertility
Using a set of six Caenorhabditis wild isolates, we quantiﬁed
intra- and interspeciﬁc variation in thermal sensitivity for
hermaphrodite self-fertility and underlying germline phenotypes. Upper thermal limits of hermaphrodite fertility are
broadly consistent with adaptation to climates of isolate origin in

3
Fig. 6. High temperature induces diverse, species- and genotypespeciﬁc germline errors. Germline defects induced by high
temperature observed by DAPI-stained early adults (L4 þ 24 h).
Schematic drawings of defects illustrate the gonad arm outline with
spermatheca/sperm in blue and the DTC in red. Graphs indicate the
percentage of individuals with defects at 26.5°C for C. elegans N2
and CB4856 and at 30°C for C. briggsae AF16 and HK104, and C.
tropicalis NIC58 and QG131. Note that a given individual could
exhibit multiple errors. None of the defects was observed at control
temperature of 20°C (C. elegans) and 25°C (C. briggsae, C.
tropicalis) (N ¼ 50 for each isolate) (data not shown). (A)
Endomitotic oocytes in the most proximal germline region and in
the uterus. (B) Additional oocyte differentiation zone(s), intercalated in oogenic germ cell precursor regions. (C) Absence of mature
oocytes. (D) Abnormal accumulation of oogenic germ cell
precursors resulting in germline bulges, mainly in the mitotic
region. (E) Outgrowths, forming branches extending from the
gonadal arms, in mitotic and meiotic regions of the oogenic
germline. (F) Presence of undifferentiated germ cells in the most
proximal germline zone, after the sperm zone containing differentiated spermatids. Numbers above bars indicate number of
individuals assayed. Scale bar: 20 mm.
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C. briggsae (tropical and temperate) and C. tropicalis (tropical),
but not in C. elegans (tropical and temperate). Our results
conﬁrm that C. elegans shows little intraspeciﬁc variation in
upper thermal limits (Harvey and Viney 2007; Anderson et al.
2011; Petrella 2014), which do not exceed 28°C, even for
isolates from tropical climates (e.g., CB4856). However,
hermaphrodite fertility of C. elegans isolates shows differential
thermal sensitivity when exposed to temperatures of 24–27°C,
all of which drastically reduce fertility relative to 20°C (Harvey
and Viney 2007; Petrella 2014). Assessing hermaphrodite
fertility of 22 C. elegans isolates at 20°C, 24°C, 26°C, and 27°C
uncovered signiﬁcant genotype-by-temperature interactions,
but latitudinal origin of isolates did not correlate with degree
of thermal sensitivity: the most heat-resistant isolates included
isolates from both tropical and temperate latitudes, and the most
heat-sensitive isolates also included isolates from tropical
regions (Petrella 2014). One possible explanation for the low
heat resistance of tropical C. elegans isolates is the recent, likely
human-associated, world-wide expansion of a few major
haplotypes, thus globally reﬂecting little genetic diversity
(Andersen et al. 2012). A relatively recent colonization of
tropical habitats by C. elegans isolates from temperate regions is
consistent with the apparent lack of molecular signatures with
latitude and the observations that C. elegans is rarely found in
tropical regions, and if so, mostly at higher altitudes (Kiontke
et al. 2011; Frezal and Felix 2015). In addition, although detailed
information from a world-wide set of C. elegans isolates is
missing, C. elegans seems generally more cold-tolerant than
isolates of C. tropicalis and C. briggsae (Prasad et al. 2010;
Anderson et al. 2011; Kiontke et al. 2011; Felix and Duveau
2012; Gimond et al. 2013).
Such global species differences in thermal optima may
underlie seasonal ﬂuctuations in their relative abundance in
shared habitats of temperate regions where C. briggsae and C.
elegans are found predominantly in warm and cold months,
respectively (Felix and Duveau 2012). The outcome of
competition experiments between such sympatrically occurring
C. elegans and C. briggsae isolates was further temperaturedependent, in line with differential temperature sensitivity and
seasonal abundance of the two species (Felix and Duveau 2012).
These and other observations indicate that even temperate C.
briggsae isolates are more heat-resistant than any of the C.
elegans isolates examined so far, including the ones from tropical
regions (Prasad et al. 2010; Petrella 2014). In this study,
consistent with thermal adaptation to tropical climates, hermaphrodite fertility of C. briggsae AF16 and C. tropicalis isolates was
increased at 25°C relative to 20°C, and these isolates all remained
partly fertile at 29°C (Fig. 1). However, variation in upper thermal
limits of hermaphrodite fertility may still occur among C.
briggsae isolates grouping into the tropical clade (Prasad et al.
2010) and the two C. tropicalis isolates examined this study. C.
briggsae and C. tropicalis are common in tropical regions and
they often co-occur in the same location, or even the same

microhabitat (Kiontke et al. 2011; Felix et al. 2013), suggesting
that their thermal niches partly overlap.
One current limitation in understanding both inter- and intraspeciﬁc variation in thermal adaptation of different hermaphroditic Caenorhabditis species is the lack of detailed quantiﬁcation of cold tolerance, lower thermal limits and thermal
ranges of hermaphrodite fertility. In general, it remains unclear
what ecological factors drive patterns of Caenorhabditis species
distribution and how climatic temperature variation plays into
this. As for other organisms, such as Drosophila (Kellermann
et al. 2009; Cooper et al. 2012; Fallis et al. 2014; Van
Heerwaarden et al. 2014), latitudinal variation is often indicative
of lower and upper thermal limits, yet may be insufﬁcient to
explain patterns of developmental thermal plasticity underlying
reproductive traits. These limitations emphasize the need to take
into account the spatially and temporally extremely variable
temperature ﬂuctuations of natural microhabitat as well as
evolutionary histories and population dynamics of study
species.

Evolutionary variation in thermal sensitivity of
germline traits
Direct measurements of Caenorhabditis hermaphrodite germline traits have rarely been undertaken, and information on their
evolutionary variation or thermal sensitivity are very scarce.
Measurements of temperature effects on hermaphrodite sperm
numbers are limited to C. elegans N2 (Murray and Cutter 2011)
and the two C. briggsae isolates AF16 and HK104 (Prasad et al.
2010); studies on thermal responses of a restricted set of oogenic
germline traits were carried exclusively in C. elegans N2 (Bilgir
et al. 2013; Aprison and Ruvinsky 2014). Our quantitative
analyses of thermal sensitivity in germline traits therefore
provide ﬁrst insights into how the reproductive system
plastically responds to temperature variation during development and how such responses relate to plasticity in hermaphrodite fertility. Quantifying hermaphrodite sperm numbers
across the upper thermal range, we found signiﬁcant thermal
plasticity in sperm production. Thermal reaction norms of sperm
production differed between species: C. elegans showed little
change in sperm number at higher temperatures, consistent with
previous analyses in the N2 isolate (Murray and Cutter 2011); in
contrast, all C. briggsae and C. tropicalis isolates showed a
decline in sperm numbers from 26.5°C to 30°C. This contrasts
with previous measurements of hermaphrodite sperm number in
the same C. briggsae isolates (AF16, HK104), which did not
differ among individuals reared at 14°C versus 30°C, suggesting
a lack of thermal plasticity in hermaphrodite sperm production
(Prasad et al. 2010). Although decreases in C. briggsae and C.
tropicalis sperm number from 26.5°C to 30°C mirrored
decreases in hermaphrodite fertility, sperm number greatly
exceed offspring number for most temperatures and isolates;
this pattern was observed even at optimal temperatures (20–25°
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C), suggesting that the efﬁciency of sperm fertilization is lower
compared to C. elegans isolates at 20°C. Caenorhabditis
hermaphrodite sperm production is thus temperature-sensitive,
with lower numbers of sperm produced at high temperatures,
which may contribute partly to reduced hermaphrodite fertility.
However, consistent with previous experiments in C. elegans
(Harvey and Viney 2007; Petrella 2014) and C. briggsae (Prasad
et al. 2010), it is reduced sperm fertility rather than reduced
sperm number contributing to fertility decline or sterility at high
temperature, given that functional male sperm can substantially
restore fertility of heat-exposed hermaphrodites. Although not
yet examined in detail, reduced hermaphrodite (and male) sperm
fertility at high temperature likely stem from defects in
spermiogenesis and/or sperm motility in most isolates
examined.
In parallel to offspring and sperm counts, we quantiﬁed
thermal effects on mitotic and meiotic germline, measured at the
early adult stage. Thermal reaction norms of total germ cell
numbers varied signiﬁcantly among species and isolates, but
overall, germline size became substantially reduced with higher
temperature. Across isolates and species, the reduction of the
germline precursor pool was primarily due to a reduced number
of meiotic cells, whereas mitotic cell number remained
relatively invariant across temperatures. These observations
indicate that proliferative capacity of the hermaphrodite
germline is relatively robust to thermal ﬂuctuations and to
high temperature, as conﬁrmed by the analysis of the mitotic
index in C. elegans N2 at different temperatures. The observed
reduction of germ cells in meiotic prophase can, at least partly,
be explained by strong upregulation of apoptosis at high
temperature, as shown through quantiﬁcation of temperature
effects on apoptosis in C. elegans N2. Increased C. elegans germ
cell apoptosis in response to high temperature may contribute to
germline integrity and maintenance by providing additional
resources to a subset of developing oocytes or, potentially, by
directly eliminating defective meiotic precursors (Gumienny
et al. 1999; Salinas et al. 2006; Gartner et al. 2008). However,
although various environmental stressors are known to increase
C. elegans germline apoptosis (Salinas et al. 2006; Angelo and
Van Gilst 2009), the functional signiﬁcance of this process
remains unresolved.

High temperature induces diverse errors in
germline and reproductive development
Caenorhabditis species and isolates not only vary in thermal
sensitivity of different germline traits and respective upper
thermal limit of hermaphrodite fertility, but also in the spectrum
of developmental errors generated in response to high temperature. The different error types may result through various
combinations of defects, which cannot be clearly attributed to
perturbations speciﬁc to either spermatogenesis or oogenesis.
Defects may occur during the ﬁnal stages of reproductive
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development, that is, fertilization, as illustrated by the
production of endomitotic oocytes, which may be due to
diverse defects in sperm or oocytes, as well as embryogenesis
itself. On the other hand, we also uncovered multiple defects in
the organization and progression of the (oogenic) germline in
adults, such as multiple oocyte differentiation zones or germline
bulges and outgrowths. The diversity of these temperaturetriggered errors during hermaphrodite reproduction —and their
genotype-dependence—shows that thermal sensitivity of Caenorhabditis hermaphrodite fertility is determined by a combination of defects in germline development, gamete
differentiation, fertilization, and embryogenesis. Because
many of these processes are developmentally interlinked, it is
difﬁcult to disentangle their relative contribution to fertility
changes at a given temperature, or for a given isolate.
Development at upper thermal limits caused wide-ranging
defects, even within single isogenic isolates, such as the C.
elegans reference strain N2. Several of the temperature-induced
defects, particularly in oogenesis, are reminiscent of defects
observed in ageing C. elegans hermaphrodites (Garigan et al.
2002; Luo et al. 2009; Luo et al. 2010; McGee et al. 2012).
Temperature defects therefore may partly reﬂect accelerated
development and ageing at high temperature (Garigan et al.
2002; Hughes et al. 2007). Furthermore, given the extensive
molecular connections between stress resistance mechanisms
(such as the heat shock response) and maintenance of soma and
germline (Ogg et al. 1997; Hsu et al. 2003; Kenyon 2010; Luo
and Murphy 2011; Barna et al. 2012), fertility decline with age
and in response to temperature stress are expected to share a
common developmental basis. Speciﬁcally, the maintenance of
germline integrity and oocyte quality with age have been shown
to involve TGF-Beta and Insulin signalling (Luo et al. 2010), i.
e., key pathways also regulating responses to various stressors,
including heat (Garigan et al. 2002). However, we also show that
heat-induced fertility decline did not simply recapitulate
accelerated reproductive ageing as we observed novel and
speciﬁc germline errors triggered at upper thermal limits. For
example, a distinct defect induced by high temperature was the
ectopic differentiation of oocytes in distal regions germline,
intercalated between undifferentiated germ cells (Fig. 6B). This
defect occurred frequently in C. elegans isolates at 26.5°C and
shares some similarity with defects reported in mutants of egrh1 (early growth response factor homologue), which acts in the
somatic gonad and the gut to control oocyte maturation and
ovulation (Clary and Okkema 2010); high temperature may
therefore deregulate speciﬁc soma-germline communication
mechanisms, which trigger inappropriate oocyte differentiation.
Similarly, the temperature-induced production of undifferentiated germ cells in the most proximal germline region in C.
tropicalis isolates (Fig. 6F) resembles the proximal germline
tumour phenotype (Pro) in C. elegans, which results through
defects in signalling between the somatic gonad and the
germline (Pepper et al. 2003; Killian and Hubbard 2004, 2005;
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McGovern et al. 2009; Korta and Hubbard 2010). Disentangling
temperature effects on germline versus soma will thus be critical
to understand how the Caenorhabditis hermaphrodite reproductive system integrates and responds to temperature variation
in the environment.
The broad spectrum of defects in germline organization,
spermatogenesis, and oogenesis triggered by high temperature
indicate diverse underlying molecular and cellular causes,
which remain to be explored in detail. Previous cytological and
molecular genetic work suggests that exposure to high temperature induces diverse defects in chromosomal function, stability
and segregation in C. elegans. High temperature and heat-shock
are well-known factors that increase meiotic non-disjunction of
the X-chromosome, thus causing an increased male production
(Nigon and Dougherty 1949), which has been linked to the high
temperature-sensitivity during the assembly of the synaptonemal complex (Bilgir et al. 2013). Such thermal sensitivity in
synapsis and other aspects of meiosis causing chromosomal
defects, for example, leading to endomitotic oocytes, have been
described in detail in a C. elegans strain (Bergerac), which is
very sensitive to high temperature and sterile at temperatures
above 23°C (Brun 1966a, 1966b; Nigon and Brun 1967).
Moreover, molecular genetic work speciﬁcally indicates
thermal sensitivity of P granule formation (Kawasaki et al.
1998) and small RNA germline pathways (Conine et al. 2010).
Consistent with these observations, thermal sensitivity of the C.
elegans germline may further translate into long-lasting,
potentially heritable effects on germline integrity and fertility.
For example, C. elegans may become progressively sterile when
cultured at high temperatures (Brun 1966a, 1966b; Nigon and
Brun 1967; Hirsh et al. 1976). Studying the thermal sensitivity
of Caenorhabditis reproductive system is thus also relevant to
the understanding of germline integrity and immortality across
generations.

Evolutionary variation in temperature-induced
germline defects
How developmental phenotypes integrate environmental
signals to generate plasticity in adult phenotypes, such as
fertility and other life history traits, remains a fundamental
question in current biological research. Recent studies show
how environmental sensitivity of complex adult phenotypes,
example, organ size in Drosophila (Shingleton 2010) or
butterﬂy wing patterning (Mateus et al. 2014), emerges
through distinct sensitivities of underlying developmental
traits. Here we show that distinct processes of the hermaphrodite germline exhibit different degrees of thermal sensitivity
as we observed diverse temperature-induced developmental
defects. Moreover, thermal sensitivity of different germline
traits itself is subject to evolutionary change, as revealed by
intra- and interspeciﬁc variation in the type and frequency of
germline
defects.
The
phenotypically
conserved

hermaphroditic germline of Caenorhabditis nematodes may
thus respond very differently to an identical environmental
challenge thereby uncovering evolutionary variation in
thermotolerance of distinct developmental parameters.
Although observed differences in thermal sensitivity may
stem from evolutionary divergent thermal adaptation of the
Caenorhabditis reproductive system, they may also simply
reﬂect divergence of the genetic and developmental architecture of the reproductive system due to variation in other
selective forces or non-adaptive processes. In either case, the
uncovered intra- and interspeciﬁc variation in temperatureinduced developmental errors may be considered examples of
cryptic genetic variation (Gibson and Dworkin 2004; Paaby
and Rockman 2014) or developmental system’s drift (True and
Haag 2001), that is, usually phenotypically invisible genetic
variation that becomes expressed in response to environmental
or genetic perturbations. The phenotypic expression of cryptic
genetic variation in response to high temperature or heat shock
is common in many taxa (Waddington 1956), including C.
elegans (Braendle and Felix 2008; Grimbert and Braendle
2014). From a mechanistic perspective, the evolutionary
divergence in thermal sensitivity of the Caenorhabditis
reproductive system thus provides an ideal system to
understand how the fundamental processes of gametogenesis
and development can evolve to maintain fertility at extreme
temperatures.

Experimental procedures
Strains and experimental procedures
Standard C. elegans methods (Brenner 1974; Wood 1988;
Stiernagle 2006) were used to maintain all Caenorhabditis
isolates (2.5% agar NGM plates seeded with E. coli strain
OP50). We included genetically divergent and geographically
distinct isolates from each of the three hermaphroditic species:
C. elegans N2 ancestral (lab reference strain, originally isolated
in the UK), CB4856 (Hawaii), JU258 (Madeira), LKC34
(Madagascar), and MY2 (Germany); C. briggsae AF16 (North
West India) and HK104 (Japan); C. tropicalis NIC58 (French
Guiana) and QG131 (Hawaii) (Cutter et al. 2006; Andersen et al.
2012; Gimond et al. 2013). These hermaphroditic isolates
reproduce mainly by selﬁng and are virtually isogenic, so
phenotypic differences among them can be attributed to
genotypic differences.
Quantiﬁcations of offspring number, sperm number, and
oogenic germline traits across temperatures were performed in
parallel for all species and isolates. Populations were maintained
under standard conditions at 20°C for at least two generations
before any experiment. For a given temperature, plates were all
placed on the same shelf inside the incubator; thermometers
were placed on the same shelf to conﬁrm the ambient
temperature. The temperature error range of the incubators
was  0.5°C. For each experiment, worms were synchronized
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using an egg-laying window: 20–50 gravid hermaphrodites
were allowed to lay eggs for 2–4 h at 20°C on NGM plates
seeded with E. coli OP50. Plates with a population density of
approximately 100–200 individuals were then transferred at
different temperatures (20°C, 25°C, 26.5°C, 29°C, 30°C) and
phenotypes were assessed. Dauer formation was rare or absent
for all isolates across temperatures; in the few instances where
dauers occurred, they were not included for phenotyping
analyses.
Hermaphrodite fertility at different temperatures
We quantiﬁed lifetime offspring production of different isolates
and species from 20°C to 30C°. When the majority of the
synchronized population had reached the mid-L4 stage, single
individuals were isolated on individual NGM plates seeded with
E. coli OP50. Animals were then transferred daily to fresh NGM
plates until egg-laying ceased. Offspring were left to develop at
the temperature at which they were laid. The number of hatched
larvae was counted the following day or when the offspring had
reached L3–L4 larval stages. Animals that died or disappeared
during the reproductive period were not included in the analysis.
Sperm counts
We quantiﬁed the number of sperm in young adult hermaphrodites, that is, adults with at least one but maximally two
embryos in the uterus (i.e., at the onset of fertilization). Animals
were collected in S-basal medium and ﬁxed in cold methanol
(20°C) for at least 10 min, washed twice with PBSTw (PBS
containing 0.1% Tween-20) and squashed on a glass slide with
Vectashield mounting medium supplemented with DAPI
(Vector Laboratories, Burlingame, CA). Images were taken at
60 magniﬁcation as Z-stacks covering the entire thickness of
the gonad using an epiﬂuorescence Olympus BX61 microscope
with a CoolSnap HQ2 camera (Photometrics, Tucson, AZ). We
counted sperm number by identifying condensed sperm nuclei
(Sulston and Hodgkin 1988) on each focal plane using the
ImageJ plugin Cell Counter (Rasband, W.S., ImageJ, U. S.
National Institutes of Health, Bethesda, Maryland, USA, http://
imagej.nih.gov/ij/, 1997–2014). When primary spermatocytes
were still present, they were counted as four sperm. We assessed
sperm number in a single gonad arm of at least 15 individuals per
isolate per temperature. Sperm number determined from one
gonad arm was multiplied by two to estimate the total number of
sperm produced.
Male mating assays
Populations containing both males and hermaphrodites were
synchronized and then transferred to different temperatures: 20°
C and 26.5°C for C. elegans (N2 and CB4856), 25°C and 30°C
for C. briggsae (AF16 and HK104), and C. tropicalis (NIC58
and QG131). To test if reduced fertility at high temperature was
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caused by defective sperm versus oocytes, individual mid-L4
hermaphrodites reared at control (20°C or 25°C) and high
temperatures (26.5°C or 30°C) were each allowed to mate with
three males reared at control temperature for 24 h. Conversely,
in order to test for male fertility at high temperature,
hermaphrodites reared at control temperature were crossed
with males reared at control and high temperature for 24 h. In the
latter case, we used hermaphrodites depleted of self-sperm. This
was done by growing selﬁng hermaphrodites until egg laying
ceased for a minimum of 12 h, usually on day 3 of adulthood.
Total offspring number and number of males were counted when
they reached the L4 stage. In the case of young hermaphrodites
crossed with males, only plates containing male offspring
(indicative of successful cross-fertilization) were included for
analysis.
Quantiﬁcation of germline traits
Germline images were taken using Olympus BX61 microscope
with a CoolSnap HQ2 camera. Z-stacks with 1 mm increments
were performed in the DAPI channel at a 40 magniﬁcation.
The germline counts were automated using an ImageJ macro
originally written by Vytas Bindokas at the University of
Chicago Integrated Microscopy Core and modiﬁed by us to our
needs. To account for the high density and small diameter of
cells in the mitotic zone, the number of cells in this zone was
counted separately from the rest of the germline. The stack
images were cropped at the mitotic zone to transition zone
boundary and each section was counted with adjusted
parameters in the ImageJ macro. A different diameter for the
cell nucleus was used for each section (cell diameter ¼ 6 for the
mitotic zone counts and cell diameter ¼ 12 for the transition
zone and meiotic zone). Statistical analysis of the error made by
automated counting (compared to manual counting) showed a
16% and 18% underestimation for the mitotic zone and meiotic
zone, respectively. To adjust for this underestimation, we
corrected the automated counts accordingly.
The mitotic zone was deﬁned as the region adjacent to the
DTC ending at the transition zone boundary where two or more
crescent shape nuclei per row of germ cells can be observed
(Crittenden and Kimble 2008).
Germline immuno-staining
Gonads were dissected following the method described by
Francis et al. (1995). Brieﬂy, adult hermaphrodites (24 h after
the mid-L4 stage) were washed in M9 buffer and transferred
with an eyelash to 10 mL of 0.25 mM levamisole on a subbed
slide. Heads were cut off with two 25-gauges syringe needles
allowing at least one of the gonad arms to extrude completely,
which was then separated from the body. Dissected gonads were
washed with M9 buffer and covered with a coverslip, freezecracked on dry ice and ﬁxed 20 min in methanol (Strome and
Wood 1982). After ﬁxation, the slides were washed three times
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with PBSTw and incubated overnight at 4°C in a humidiﬁed
chamber with anti-PH3 antibodies (Crittenden and Kimble
2008) (Cell Signalling Technology, Beverly, MA) (1:1500
dilution), The slides were washed three times in PBSTw for
10 min and were incubated with secondary antibodies, antirabbit Cy3 (1:1200 dilution) (Jackson Immunoresearch, West
Grove, PA), diluted in PBSTw for 2 h at room temperature. After
three PBSTw washes, the gonads were mounted in Vectashield
medium supplemented with DAPI and observed under an
epiﬂuorescence microscope.
Quantiﬁcation of germ cell proliferation in C.
elegans N2
Gonad arms were extruded from young adult hermaphrodites
(mid-L4 þ 24 h), ﬁxed and stained with DAPI and anti-PH3
antibodies as described above. The proliferative germ cells in M
phase were counted using phospho-histone H3 antibody staining
(Crittenden and Kimble 2008). PH3-positive cells were counted,
as visualized under epiﬂuorescence microscopy and the mitotic
index was calculated as the ratio of the number of PH3-positive
cells over the number of cells in proliferative zone (Crittenden
and Kimble 2008).
Quantiﬁcation of germ cell apoptosis in C. elegans
N2
Apoptosis was quantiﬁed in individuals reared at 20°C and 26.5°
C using a ced-1::GFP strain (MD701) (Zhou et al. 2001).
Individuals from early L4 to late adult (mid-L4 þ 48 h) were
mounted on 4% agarose pads in M9 buffer, containing 100 mM
sodium azide. GFP-positive cells in the meiotic germline were
considered to be apoptotic and counted using epiﬂuorescence
microscopy at 60 magniﬁcation.
Quantiﬁcation of germline defects using DIC
microscopy of live adults
After population synchronization, plates were transferred to
different temperatures: 20°C and 26.5°C for C. elegans (N2 and
CB4856), 25°C and 30°C for C. briggsae (AF16 and HK104),
and C. tropicalis (NIC58 and QG131). Young adult hermaphrodites (mid-L4 þ 24h) were then mounted on 4% agar pads
with sodium azide and observed under DIC microscopy. Defects
in oogenesis and fertilization were assessed in at least 70
individuals per isolate per temperature as follows: (i) presence
of dead or abnormal embryos in the uterus, (ii) presence of
unfertilized oocytes in the uterus.

Quantiﬁcation of germline defects using DAPI
staining
Young adult hermaphrodites (mid-L4 þ 24 h) were ﬁxed in icecold methanol for at least 10min, washed twice with PBSTw and

mounted on a glass slide with Vectashield mounting medium
supplemented with DAPI. Animals were then observed under
epiﬂuorescence microscopy and defects in the germline were
assessed as follows: (i) endomitotic oocytes, (ii) additional
oocyte differentiation zones intercalated in oogenic germ cell
precursor regions, (iii) absence of mature oocytes, (iv) unusual
germline enlargement causing cell bulges in mitotic and/or
meiotic regions, (v) outgrowths, forming branches extending
from the gonadal arms, in mitotic and meiotic regions of the
oogenic germline, (vi) presence of undifferentiated germ cells in
most proximal germline zone, after sperm zone containing
spermatids.
Statistical Analyses
Statistical tests were performed using the software programs
JMP 9.0 or SPSS 11.0. For parametric tests, data were
transformed where necessary to meet the assumptions of
ANOVA procedures (homogeneity of variances and normal
distributions of residuals) (Sokal and Rohlf 1981). For post-hoc
comparisons, Tukey’s honestly signiﬁcant difference (HSD)
procedure was used. All errors of the mean, including error bars
in ﬁgures, represent the standard error of the mean.
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Figure S1 Thermal sensitivity of hermaphrodite fertility in C.
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Figure S2 Evolutionary variation in thermal sensitivity of the
oogenic germline.

Figure S4 Evolutionary variation in thermal sensitivity: abnormal/dead embryos and unfertilized oocytes in utero (L4þ48h).

Figure S3 Evolutionary variation in thermal sensitivity:
abnormal/dead embryos and unfertilized oocytes in utero.

Figure S5 High temperature induces a wide, species- and
genotype-speciﬁc spectrum of germline errors (L4þ48h).
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2
3

Supplementary Figure legends

4
5

Figure S1 Thermal sensitivity of hermaphrodite fertility in C. elegans wild

6

isolates

7

Quantification of hermaphrodite self-fertility (lifetime offspring number) of five C.

8

elegans wild isolates reared at 20°C and 26.5°C: N2 (Bristol), CB4856 (Hawaii),

9

JU258 (Madeira) LKC34 (Madagascar) and MY2 (Germany). (A) Thermal reaction

10

norms in fertility. Fertility was significantly reduced at the higher temperature

11

(ANOVA, effect temperature: F1,181 = 311.24 , P < 0.0001), and the extent of this

12

reduction varied only marginally among isolates (ANOVA, interaction isolate x

13

temperature: F4,181 = 2.17 , P = 0.0746) (Sample sizes per isolate/temperature: 17-21

14

individuals). (B) The same data as in (A) expressed as percentage differences relative

15

to the mean values observed 20°C. Error bars indicate ± 1 SE.

16
17

Figure S2 Evolutionary variation in thermal sensitivity of the oogenic germline

18

Extruded DAPI-stained (oogenic) gonad arms of young adult hermaphrodites

19

(L4+24h) of C. elegans, C. briggsae and C. tropicalis reared at 20°C, 26.5°C and

20

30°C. White lines indicate the boundaries between mitotic zone and entry into meiotic

21

(transition) zone of germ cells. Scale bar: 20µm.

22
23
24

1

1

Figure S3 Evolutionary variation in thermal sensitivity: abnormal/dead embryos

2

and unfertilized oocytes in utero

3

Effects of high temperature on germline integrity and the production of

4

abnormal/dead embryos and unfertilized oocytes observed using Nomarski

5

microscopy (L4+24h).(A) C. elegans N2 at 20°C: intact germline with live embryos

6

in utero, (B) C. briggsae AF16 at 25°C: intact germline with live embryos in utero,

7

(C) C. tropicalis NIC58 at 25°C: intact germline with live embryos in utero, (D) C.

8

elegans N2 at 26.5°C: germline with abnormal embryos in utero, (E) C. elegans

9

CB4856 at 26.5°C: germline with abnormal embryos in utero, (F) C. elegans CB4856

10

at 26.5°C: germline with abnormal embryos in utero, (G) C. elegans CB4856 at

11

26.5°C: germline with unfertilized oocytes in utero, (H) C. briggsae AF16 at 30°C:

12

germline with unfertilized oocytes in utero.

13
14

Figure S4 Evolutionary variation in thermal sensitivity: abnormal/dead embryos

15

and unfertilized oocytes in utero (L4+48h)

16

Effects of high temperature on the production of dead/abnormal embryos and

17

unfertilized oocytes in utero observed by Nomarski microscopy (L4+48h) for C.

18

elegans (20°C versus 26.5°C), C. briggsae (25°C versus 30°C) and C. tropicalis

19

(25°C versus 30°C). Graphs indicate percentage of individuals with (A)

20

dead/abnormal embryos in utero, (B) unfertilized oocytes in utero at 26.5°C for C.

21

elegans N2 and CB4856 and at 30°C for C. briggsae AF16 and HK104, and C.

22

tropicalis NIC58 and QG131. Neither of these defects was observed at control

23

temperatures of 20°C (C. elegans) and 25°C (C. briggsae, C. tropicalis) and all

24

control animals contained live embryos (N=100 for each isolate) (data not shown).

25

Numbers above bars indicate number of individuals assayed.

2

1
2

Figure S5 High temperature induces a wide, species- and genotype-specific

3

spectrum of germline errors (L4+48h)

4

Germline defects induced by high temperature observed by DAPI-stained adults

5

(L4+48h). Schematic drawings of defects illustrate the gonad arm outline with

6

spermatheca/sperm in blue and the DTC in red. Graphs indicate the percentage of

7

individuals with defects at 26.5°C for C. elegans N2 and CB4856 and at 30°C for C.

8

briggsae AF16 and HK104, and C. tropicalis NIC58 and QG131. Note that a given

9

individual could exhibit multiple errors. None of the defects was observed at control

10

temperature of 20°C (C. elegans) and 25°C (C. briggsae, C. tropicalis) (N=50 for

11

each isolate) (data not shown). (A) Endomitotic oocytes in the most proximal

12

germline region and in the uterus. (B) Additional oocyte differentiation zones,

13

intercalated in oogenic germ cell precursor regions. (C) Absence of mature oocytes.

14

(D) Abnormal accumulation of oogenic germ cell precursors resulting in germline

15

bulges, mainly in the mitotic region. (E) Outgrowths, forming branches extending

16

from the gonadal arms, in mitotic and meiotic regions of the oogenic germline. (F)

17

Presence of undifferentiated germ cells in the most proximal germline zone, after the

18

sperm zone containing differentiated spermatids. Numbers above bars indicate

19

number of individuals assayed. Arrows indicate specific defect. Scale bar: 20µm.
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