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Abstract

Background: Organisms live in environments that vary. For life-history traits that vary across
environments, fitness will be maximised when the phenotype is appropriately matched to the
environmental conditions. For the free-living nematode Caenorhabditis elegans, we have investigated
how two major life-history traits, (i) the development of environmentally resistant dauer larvae and
(i) reproduction, respond to environmental stress (high population density and low food
availability), and how these traits vary between lines and the genetic basis of this variation.

Results: We found that lines of C. elegans vary in their phenotypic plasticity of dauer larva
development, i.e. there is variation in the likelihood of developing into a dauer larva for the same
environmental change. There was also variation in how lifetime fecundity and the rate of
reproduction changed under conditions of environmental stress. These traits were related, such
that lines that are highly plastic for dauer larva development also maintain a high population growth
rate when stressed. We identified quantitative trait loci (QTL) on two chromosomes that control
the dauer larva development and population size phenotypes. The QTLs affecting the dauer larva
development and population size phenotypes on chromosome Il are closely linked, but are
genetically separable. This chromosome Il QTL controlling dauer larva development does not
encompass any loci previously identified to control dauer larva development. This chromosome Il
region contains many predicted 7-transmembrane receptors. Such proteins are often involved in
information transduction, which is clearly relevant to the control of dauer larva development.

Conclusion: C. elegans alters both its larval development and adult reproductive strategy in
response to environmental stress. Together the phenotypic and genotypic data suggest that these
two major life-history traits are co-ordinated responses to environmental stress and that they are,
at least in part, controlled by the same genomic regions.

Background tally-dependent manner (a phenotypically plastic trait).
Organisms live in environments that vary both spatially =~ Phenotypic plasticity of a trait can be manifest as a contin-
and temporally. In such variable environments there are ~ uous phenotypic range across an environmental gradient,
different ways to maximise fitness. Life-history traits can  such as the variation in Drosophila melanogaster body size
either be robust to environmental change (a buffered or  metrics across temperature ranges [1]. Alternatively, phe-
canalised trait) or they can be variable in an environmen-  notypic plasticity may appear as a threshold trait, with
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apparently distinct phenotypes developing in different
environments. An example of this is the switch between
winged and wingless aphid morphs in response to host
plant quality and, or aphid population density [2]. These
different phenotypic responses have been termed pheno-
typic modulation and developmental conversion, respec-
tively [3].

A priori, fitness could be maximised by all traits being fully
phenotypically plastic. However, phenotypically plastic
traits vary both within and between populations, particu-
larly in the magnitude and sensitivity of their response to
environmental change: in the language of phenotypic
plasticity, there may be different reaction norms. The
existence of this variation suggests that there are limits or
costs to the evolution of phenotypically plastic traits and
of the reaction norms of traits, and therefore that fitness is
maximised by not all traits being fully phenotypically
plastic. These costs are likely to be (i) having sufficiently
accurate and robust processes for environmental sensa-
tion, (ii) maintaining the genetic and cellular machinery
for the development of alternate phenotypes and (iii) co-
ordination between different phenotypically plastic traits
[4-6]. Therefore, all traits can be considered on a contin-
uum from those that are fully plastic, via those with a low
level plasticity, to non-plastic, invariant traits. The molec-
ular basis of the phenotypic plasticity of most traits is not
clear, but progress in identifying genes involved in such
environmental interactions is being made (e.g [7-10]). For
many organisms, including intensively studied 'model'
species, the role and function of the majority of genes
remains unknown [11,12]. It is probable that genes
involved in phenotypically plastic traits, especially the
means by which the phenotype is modulated in response
to the environment, are among these genes with, as yet,
unidentified functions. Given this, it is crucial to move
towards integrating an understanding of the molecular
basis of phenotypic plasticity with the ecology of the spe-
cies in question [13].

The model free-living nematode Caenorhabditis elegans has
a phenotypically plastic developmental switch in its life-
cycle. In the 'normal' C. elegans life-cycle, progeny moult
through four larval stages (L1 - L4) into adult worms.
Under conditions that are unsuitable for growth and
reproduction an alternative, developmentally arrested
third larval stage, the dauer larva, is formed [14,15].
Dauer larvae are environmentally resistant, have a greatly
extended lifespan compared with non-dauer larvae, and
will only resume normal development as fourth stage lar-
vae (L4) when exposed to more favourable conditions.
This developmental conversion (dauer vs. non-dauer) is
made based on the worms' perception of environmental
quality, which is determined by the concentrations of
both food and dauer pheromone and temperature. Dauer
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pheromone is a cue produced by all worms that acts as a
measure of con-specific population density [16] and
appears to consist of three related molecules [17,18]. The
relative concentrations of food and dauer pheromone are
used to assess environmental quality: dauer larvae
develop under low food and high dauer pheromone con-
centration conditions, i.e. conditions of environmental
stress; 'normal’, non-dauer, larvae develop under high
food and low dauer pheromone concentration condi-
tions, i.e. conditions of plenty.

Geographically distinct isolates of C. elegans vary exten-
sively in the phenotypic plasticity of dauer larva forma-
tion [19]. That is, for the same change in environmental
conditions, there is variation in the proportion of larvae
that develop into dauer larvae. The adaptive value of these
different plasticities of dauer larva formation is not
known. There has been extensive investigation into the
genetic and molecular genetic control of the development
of dauer larvae [14,15]. However, the genetic basis of the
variation between isolates in the phenotypic plasticity of
dauer larva development is not known. Furthermore, the
fitness consequences of different phenotypic plasticities of
dauer larva development are not known.

In the C. elegans life-cycle there are other phenotypic
responses to conditions of environmental stress. For
example adult lifespan, lifetime fecundity, the schedule of
reproduction and body size all vary as a consequence of
food quantity and quality [20,21]. At present little is
known about variation between C. elegans isolates in these
genotype by environment (GxE) interactions and it is not
known if they represent separate trait-specific responses to
environmental change or are part of a co-ordinated
response. Hence, it is possible that the fitness of a C. ele-
gans genotype may be maximised by a co-ordinated
response to environmental stress of both larval and adult
traits. Further, it can be envisaged that different strategies
may have evolved for how such major larval and adult
life-history traits co-ordinately respond to environmental
change.

To investigate this, we have analysed recombinant inbred
lines (RILs) produced from C. elegans isolates N2 and
DR1350, which differ significantly in their plasticity of
dauer larvae formation [19]. Using these, we determined
how the development of dauer larvae and the population
growth, as assayed by determining population size
through time, varied between the RILs. Population size at
any given time is a consequence of both survival and all
the factors that contribute to reproduction (e.g. time to
first reproduction, total lifetime fecundity, rate of repro-
duction) this broad analysis was most likely to identify
any relationship with dauer larvae development. We
found that the C. elegans RILs vary in both their pheno-
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typic plasticity of dauer larva development and their pop-
ulation size and that these traits are related. Specifically,
we found that lines of C. elegans that are highly plastic for
dauer larva development also maintain a high population
growth rate when stressed (i.e. their rate of reproduction is
comparatively unchanged under conditions of environ-
mental stress). This suggests that C. elegans may co-ordi-
nate its larval development and adult reproductive
strategy to respond to environmental stress. We have also
mapped the quantitative trait loci (QTL) that control the
phenotypic plasticity of dauer larva development and of
population size. These analyses have identified QTL that
affect dauer larva development and population size.

Results

C. elegans varies in its phenotypic plasticity of dauer larva
formation

The proportion of dauer larvae that developed in 163 RILs
at two different (1% and 2% w/v) food concentrations, i.e.
the reaction norm of dauer larvae development, is shown
in Figure 1A; for clarity these data from one representative
assay are shown in Figure 1B. RILs that are highly plastic
for dauer larva formation have the greatest positive differ-
ence in the proportion of dauer larvae formed at low food
concentrations, compared with high food concentrations
(i.e. the steepest, positive, reaction norms); N2 is an exam-
ple of such a line (Figure 1B). Other lines are less plastic;
DR1350 is an example of such a line (Figure 1B). Approx-
imately a quarter of the RILs (45/163) had a negatively
plastic dauer larva development phenotype (i.e. a reaction
norm with a negative slope); that is, a lower proportion of
dauer larvae developed at a low food concentration, com-
pared with a high food concentration (Figure 1A). In
many of these 45 lines, the difference in dauer larva for-
mation between the two food concentrations was very
small and, given the inherent variation in this trait and its
assay, it is likely that these lines have only a small, or no,
plasticity of dauer larva development. However, ten lines
had a negative plasticity > 0.2, and were found to consist-
ently show this response in additional assays (data not
shown).

As expected dauer larva formation was significantly
affected by food concentration (FOOD: F, 5, = 4.64, p =
0.048). There was significant variation between the RILs
(LINE [ASSAY]: F 5354, = 6.43, p < 0.001) and the RILs
also varied significantly in their dauer larva formation
phenotype in response to changes in the concentration of
food (FOOD*LINE [ASSAY]: F,s3 54, = 1.55, p < 0.001), i.e.
there is genetic variation between the RILs for both overall
propensity to form dauer larvae and in their plasticity of
dauer larva development with respect to food concentra-
tion. There were significant differences between the
assays, and in the effect of food concentration between the
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C. elegans varies in its dauer larvae formation pheno-
type. (A) The proportion of dauer larvae that developed at
two concentrations of food (I and 2% w/v E. coli OP50 in
water) for 163 RILs and (B) this for 21 RILs and N2 (- -) and
DR1350 (-UJ-) in one representative assay.

assays (ASSAY: Fy,, = 6.43, p < 0.001; FOOD*ASSAY:
Fy 540 = 3.28, p < 0.001).

The dauer larva development phenotype with respect to
dauer pheromone concentration had previously been
determined for 35 of these RILs [19]. We used these data
to compare the dauer larva development of these lines
with respect to changes in the concentration of food and
of pheromone. This showed that there was a significant
positive correlation between these plasticities of dauer lar-
vae development (2= 0.40, p = 0.02). This, therefore, sug-
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gests that the plasticity of dauer larva development is, at
least partially, independent of the particular environmen-
tal cue (i.e. food or pheromone concentration) used for
the initiation of dauer larva development.

C. elegans varies in its population growth

We wished to determine how C. elegans varied for another
important life-history trait, namely adult reproduction. To
do this we determined the population size of 45 RILs as
they grew. This showed that the population sizes of the
lines increased over time, but that the rate of this increase
differed between the lines (Figure 2A; for clarity these data
from one representative assay are shown in Figure 2B).
There were significant differences between the population
sizes of the lines and in how they grew over time (TIME:
F, 1030 = 23431.01, p = 0.048; LINE [ASSAY]: Fs; 1030 =
9.98, p < 0.001; TIME*LINE [ASSAY]: F,y 1030 = 4.14, p <
0.001). There were also significant differences between
the assays, and in how the populations grew between
assays (ASSAY: F, o3 = 130.84, p < 0.001; TIME*ASSAY:
Fi4 1030 = 102.49, p < 0.001). Hence, the RILs vary in their
population sizes and in how the populations grew over
time. At the start of these assays (day 5) there are no limi-
tations to population growth; as the size of the population
increases (day 7), food conditions become limiting and
by day 9, the food source is exhausted. We therefore pos-
ited that the variation between the RILs was due to both
differences in the reproductive capacity of the lines (the
effect of LINE), possibly manifest either by variation in
their lifetime fecundities or their temporal schedule of
reproduction, and by differences in how the reproductive
capacity of the lines altered in response to density (the
effect of TIME*LINE [ASSAY]). These possible explana-
tions were investigated further.

C. elegans varies in its fecundity

One of the principal features of high density environ-
ments is a reduction in the per capita food availability. To
investigate how the fecundity of C. elegans was affected by
this we firstly determined the lifetime fecundity of 12 RILs
under ad libitum food conditions. This showed that these
RILs had significantly different lifetime fecundities (LINE
[BLOCK]: Fy 55, = 10.35, p < 0.001); fecundity did not dif-
fer between experimental blocks (BLOCK: F, ,,, = 3.14, p
= 0.078). We calculated the rate of reproduction, ¢, a
measure of the rate of increase in the proportion of life-
time fecundity, of the RILs and found that this also dif-
fered significantly between RILs (LINE [BLOCK]: Fy ,,, =
7.94, p < 0.001) and between experimental blocks
(BLOCK: F, ,,, = 131.46, p < 0.001).

These data were used to calculate the expected population
size of the lines in the absence of any limits on population
growth on days 5, 7 and 9. In all cases, the population size
was greater than that which was observed. These predicted
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C. elegans varies in its population growth rate. (A) The
population size on days 5, 7 and 9 of 45 RILs and (B) this for
six RILs and N2 (- -) and DR1350 (-LJ-) in one representative
assay.

population sizes correlated with the observed population
size on day 7 (r2= 0.548, p = 0.002), but not on days 5 and
9 (r2=0.097, p = 0.26 and 12 = 0.12, p = 0.207, respec-
tively). This may suggest that at day 7, growing popula-
tions of C. elegans are not constrained by density-
dependent effects, but at day 9 that they are. The absence
of a significant correlation on day 5 may be due to inter-
RIL variation in the rate of reproduction.

We next considered how lifetime fecundity and the rate of
reproduction, and hence the expected population sizes of
the lines, was affected by low concentrations of food, a
likely feature of high-density populations. Analogously,
as above, the lifetime fecundity differed between the lines
(LINE: F5 ,,3=10.85, p < 0.001) and was significantly neg-
atively affected by food concentration (FOOD: F;,,; =

Page 4 of 16

(page number not for citation purposes)



BMC Evolutionary Biology 2008, 8:15

35.63, p <0.001). But, the lines did not differ in how their
lifetime fecundities were affected by different food con-
centrations (LINE*FOOD: F5,,;3 = 1.30, p = 0.20). The
rate of reproduction, ¢, did not differ between lines (LINE:
F5 553 = 1.33, p = 0.25), but it was significantly affected by
the food concentration (FOOD: F; ,,3 = 8.80, p < 0.001),
such that at lower food concentrations g was lower. The
lines also differed significantly in how g was affected by
food concentration (FOOD*LINE: Fj5,,5 = 2.41, p =
0.003). Together, these results therefore show that the rate
of reproduction was affected by food concentration inde-
pendently of effects on lifetime fecundity.

Why does low food concentration reduce fecundity?

The fecundity of wild-type C. elegans is reduced when
there is limited food available. We sought to investigate
whether this occurs due to (i) direct effects of caloric
restriction per se or (ii) indirect effects on reproduction
due to the perception of food availability, i.e. altered
resource allocation in response to perceived food limita-
tion. To do this we compared reproduction under a range
of food concentrations in mutants defective in pharyngeal
pumping with reproduction in wild-type worms. This was
done with strains with mild pharyngeal defects (DA573
eat-14(ad573) and DAG602 eat-15(ad602)), with severe
pharyngeal defects (DA522 eat-13(ad522) and DA60G eat-
10(ad606)) [21] and N2 as a control. Here, as far as it is
known, the perception of food by all strains will be the
same, but the actual acquisition of food will be compro-
mised in the strains with pharyngeal defects, and more
strongly so in those with the more severe defects. i.e. the
comparison allowed the separation of the acquisition of
food from the perception of food. We hypothesised that if
caloric restriction (i, above) controlled the food concen-
tration-dependent change in the rate of reproduction, ¢,
the rank order of the food-dependent reduction in ¢
would be eat-10 and eat-13; eat-14 and eat-15; N2. In con-
trast, if food perception (ii, above) controlled the food
concentration-dependent reduction in the rate of repro-
duction, ¢, then no relationship between strength of the

Table I: Rates of reproduction at different food concentrations
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pharyngeal defects and food-dependent reduction in
fecundity would be observed.

The mutants with the strongest pharyngeal defects (eat-10,
eat-13) had the lowest rate of reproduction, ¢, and this was
reduced most under lower food concentrations, com-
pared with mutants with mild pharyngeal defects (eat-14
and eat-15) and compared with N2 (Table 1). This there-
fore suggests that the food concentration-dependent
reduction in the fecundity of C. elegans is directly due to
caloric restriction.

QTL analysis

Polymorphic markers

To identify markers that would differentiate N2 and
DR1350, 144 genomic regions of DRI1350 were
sequenced and a further 49 candidate polymorphisms
were screened by restriction fragment length polymor-
phism (RFLP) analysis (Table 2 and additional file 1).
Overall, 45 polymorphisms were detected that differenti-
ated N2 and DR1350; this included 20 polymorphisms
previously identified [22]. 42 of these 45 markers were
used to genotype the RILs (the remaining three markers
were developed at a later date and used only in the fine-
mapping, see below). These markers cover chromosomes
[, II, II and X (Table 2). In total, 15.45 Kbp of chromo-
some IV and 12.60 Kbp of chromosome V of DR1350
were sequenced, but no polymorphisms between N2 and
DR1350 were detected (see additional file 1 for details).

188 RILs were genotyped at 42 loci. Ten of these RILs were
found to have an N2 genotype at all loci and these were
excluded from all analyses. For the remaining 178 RILs,
the measured genetic distance between markers was
greater than the F2-derived genetic maps [23], with a map
expansion of 3.45, 2.73, 2.43 and 3.21 for chromosomes
I, 11, Il and X, respectively. On the X chromosome a group
of three markers (2, 3 and 4) and a pair of markers (5 and
6) (Table 2) could not be separated genetically and so the
non-informative markers were removed from all further
analyses. Analysis of the 39 remaining markers revealed

Food concentration (% wiv)

Pharyngeal defect Line 100 50 25 12.5 6.25
None N2 0.56 £ 0.02 0.50 £ 0.0l 0.51 £0.02 0.45 £ 0.0l 0.34 £ 0.01
Mild eat-14  0.48 £ 0.01 (0.86) 0.47 £0.01 (0.94) 0.45 £ 0.01 (0.88) 0.38 £0.01 (0.84) 0.31 £0.03 (0.91)
eat-15  0.45 + 0.03 (0.80) 0.49 £ 0.01 (0.98) 0.49 £ 0.02 (0.96) 0.47 £ 0.02 (1.04) 0.37 £ 0.04 (1.09)
Strong eat-10 042 +0.01 (0.75) 0.42 £0.01 (0.84) 0.40 £ 0.01 (0.78) 0.34£0.01 (0.75) 0.25 £ 0.01 (0.74)
eat-13 031 £ 0.01 (0.55) 0.30 £ 0.01 (0.6) 0.30 £ 0.01 (0.59) 0.26 £ 0.01 (0.58) 0.23 £ 0.01 (0.68)

The rates of reproduction, g, (+ | SE) for N2 and four eat mutants at a range of food concentrations. Values in parentheses are the proportionate
change of the rate of reproduction compared to N2 at the same food concentration.
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Table 2: Polymorphic markers differentiating N2 and DR1350
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Name N2/DRI1350 Location Forward Reverse Enzyme
1 | pkP1003 G/A 126950 gtatcctcatecttctaccacce gegtegttccacgtgttatge Rsal
2 pkP1098 CIT 360847 tatcatgctggcgtagatttc tggataaaaagcgtttctgg Hpall
3 pkP1051 AIT 825028 cctacaacaggcaaagaage aattcctaccaaagctecge Sspl
4 pkP1102 C/A 1517890 tggaaggatattgtggcg ctgaacgcgattctectgtg Hinfl
5 pkP1016 TIG 1882334 gacaatgaccaataagacg gatccgtgaaattgttccg Bsrl
6 snp_F28HI[1] C/IT 3989631 tgccaaaatagcagtagge tgaaactgcaataacataacg HpyCH4v
Il | WO08F4/33109 TIC 593962 cagacttccaccgtaccattg gagacgaaacgatttacgagg Dral
2 pkP2134 c/IT 862482 atcaggatccggaacagtcg tcgtaaatggtcagttttgg Ddel
3 pkP2010 T/IC 1129821 taatttctagcaccagtgaggc cccaaatttccacctgtaatec Ddel
4 pkP2015 AIG 1640462 gtacctaccgtcattgatagtg ctttcagtggacagaatccg Pvull
5 pkP2136 cIT 1683953 agttgtgttatacttgttgg tgtctaactgaagagatgacg Xbal
6 TO5A8/28596 G/A 2631509 ctatggtgcatcgaagtgtc gtcagcacgttcttaaccttg BamHI
7 pkP2026 T/IC 2737466 cgatggattatgtggtgagtc caggttggtcatcatttcagac Styl
8 pkP21 14 C/G 2755074 tcacgtcgtcacctacgec aatctgaccaaggtatcgg Alul
9 nP133 -ITTCCG 2769667-8 aacgttcaaaagtgataggtc ttctcactcggtgtactcgg EcoRI
10* snp_Y25CIA[I] C/A 3077209 accgtctttcagegetcgacg caaaattctgctgataatgg HpyCH4V
I FI9B10/12159 GIT 3660181 ctgcttctctgeaagtetge cttggaacagtctctcaacg Drall
12* snp_C49D10[3] AT 3868386 agaacatctatcacgacttgg tttgtgtcatatttgegtec Tsp509!
13 pkP2051 G/A 4299265 gegtgttttttecgtegateg cagcgtccagactggtttgg Haell
14* snp_B0304[5] GG/TT 4526832-3 acatcaccaattacacgacc agatcgtacttattgtagcc Eco0109I
15 CI18A3/8661 G/A 5710053 catgtggacgacgtgtactgg caatgtgcagtcgtctactgg Pvul
16 K10B2/5930 CIT 6362593 ccttgtactcgggaacacge gaatcagtcaaacgctgegg Sful
17 pkP2109 C/IT 9401077 tgaacccataacagcttctge aactcgtgcgctctecttgg EcoRI
18 pkP2069 GIT 10489659 tcaaccttcatacgtgtcge ggaatgactgataaaggtgtcg Xbal
19 snp_WOIGT7[I] G/C 14044928 tatataggtacctaaagagc atttttgtccccttatatgg Cac8l
m | pkP3002 AIT 743326 ctgcttatagtcttcctgteg gcaaccccaccttcaatgac Sspl
2 snp_Y46E12[4] TIC 1765120 tctaatgttttttccaatcage tatgattttactgctgetgg Sspl
3 pkP3099 T/IC 5625446 tctttcagtgggctaacacc tgcgtgggcageccaaatacg HpyCH4V
4 B0O361/15143 A/IC 7279588 gtatttcttacccgagagtcc cagttcacctggaatctcaatc Ddel
5 snp_C50C3[2] G/A 8180784 getettettggtacgttcce cgcgtettctgagtgtttce Alul
6 snp_TO5G5[1] TIA 9742847 cgtaaactaccaaactcggtg ggtctactacaactatacagge Dral
7 pkP3059 AIG 10613168 actcggccacgtggcaage aaagcctttcggaacttec Xbal
8 snp_F56A8J 1] C/IT 13247630 tttggaggaccatcagagg tggctcaccttctttctee Sau3A
X | snp_T23F2[I] TIA 5492084 tttccggeagatgeaccacg tgcaaatagctgatcactgg Ddel
2! CO03B1/38853-6 TATA/ICG 6374380-3 cgtagagacgcaaaataggc gctcaatttcacgegtccag Accl
3! C25B8/5416 C/G 6374374 gtatctgagatagggtgcgc cggaaaacctgttagacatgg Xbal
4! F41C6/10186 AIG 6879298 gtttggtcgetggagttttgg catcaaagaggcaacaagggg Fsil
52 pkP6158 cIT 8691678 aagacacccatccatgcatatc caattgtcagccgttgtttc Hindlll
62 pkP6030 T/G 8814093 gtaatcggttactgtgcactg ctacatcaatgtcaacaccagc Ddel
7 pkP6137 CIT 9677614 gecttggagagtctegatttg ttctgaccaccatagecgaac Hinfl
8 pkP6039 TIC 10652947 cctcatctcatctttgettg caagatgacttgccgattcatg Msel
9 snp_F23D12[1] T/IC 14429597 taaacagaaaaattcacaaa t/c atatttgaatggagtttcacc T
10 pkP6167 CIT 15106709 taatagccgccaaagtgeg gtgaagcaagtttgattttcc Hinfl
I snp_C02Cé6[7] AIG 15561287 ttcgegeatttatcttgtec tatattcattgatctaagtgc HpyCH4v
12 pkP6096 AIT 16389174 gattgaacatagctcacage tttcgatcgttttggacgec Rsal
For chromosomes |, Il, Il and X, for each polymorphism, its name, the N2/DR 1350 polymorphism, its physical location in N2 [23], the forward and

reverse PCR oligonucleotide primers (5'-3") and, where appropriate, the restriction enzyme used for genotyping. * denotes markers only used in the
analysis of the NIiLs. | and 2 denote two groups of markers that could not be separated genetically. T denotes the marker scored in the RILs by

allele specific PCR.

extensive segregation distortion among the RILs, with the
overall allele frequency of the 39 markers in the 178 RILs
biased to N2 (65%) and a variable rate of segregation dis-
tortion across chromosomes. This implies that there was

selection for the N2 alleles at many of the loci during the
construction of the RILs, a finding common in many stud-

ies analysing C. elegans RILs (e.g. [9,24,25]).
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Dauer larva development QTLs

Comparative interval mapping (CIM) of dauer larvae for-
mation in response to different food concentrations in
153 RILs identified six QTLs: two each for the plasticity of
dauer larva formation, and for dauer larva formation at
high and low food concentrations (Figure 3, Table 3). Five
of these QTL occurred on the X chromosome, one, (for
dauer larva formation at low food concentration)
occurred on chromosome II. Multiple trait CIM (MT-CIM)
analysis of the dauer larva formation at high (2% w/v)
and at low (1% w/v) food concentrations supported the
QTLs identified by CIM for dauer formation at low food
concentration and one of the QTLs for dauer formation at
high food concentration (marker 2 on the X chromosome
from Table 3). Similarly, one of the QTLs identified by
CIM for the plasticity of dauer larvae formation (marker 2
on the X chromosome from Table 3) was supported the
MT-CIM analysis (significant GxE interaction detected in
that area of the X chromosome). CIM and MT-CIM analy-
ses of dauer larvae formation in response to different phe-

Al I

59e0 . o . 59 000m o ¢ 000 *
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romone concentrations in 35 RILs identified no
significant QTLs. However, there were significant single
marker effects predominantly on the X chromosome
(Table 3).

The chromosome Il QTL affecting dauer larva formation
at low food concentration had only a relatively small phe-
notypic effect (Table 3). However, analysis of dauer devel-
opment in nearly isogenic lines (NILs), in which the
chromosome II QTL region of the DR1350 genome was
introgressed into N2, suggests that this QTL has a much
greater effect and that it affects the dauer larva formation
phenotype across a range of food concentrations. This is
shown most clearly in the comparison of NIL-1 to N2 and
DR1350 over a range of food concentrations (Figure 4).

Population size QTLs

CIM analysis of the population size at 5, 7 and 9 in 35
RILs identified two QTL each for population size on day 5
and on day 9, three of which were on chromosome II and

2.5 4

LOD

0 93 cM
0.1 16.4 Mbp
Figure 3
QTL analysis of dauer larva formation and population size. LOD scores for chromosomes |, I, lll and X for QTL map-

ping of (A) dauer larva formation in response to high (—) and low (- - -) food concentrations and the plasticity of dauer larva
formation ( - -) and the respective genome-wide LOD significance thresholds for these traits, some of which are co-incident,
shown as horizontal lines and (B) the population size on days 5 (—), 7 (- - -) and 9 (- - *) and the respective genome-wide LOD
significance thresholds for these traits, shown as horizontal lines. For each chromosome, the genetic distance between the out-
ermost markers and their physical location is given [23]. Note that in (A), the LOD scale differs for the X chromosome. Posi-

tions of the markers described in Table 2 are shown by ®.
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Table 3: Summary of QTL mapping
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Population size

Dauer [food] Dauer [pheromone]

Day 5 Day 7 Day 9 H L P L H P

| |

2

3

4 * *

5

6
1 | *

2 0.34 (-19) *

3 *

4 *

5

6

7

8

9

Il *

13 0.2 (18) ek 0.07 (-0.1)

15

16 *

17 *

18 0.33 (-3050)

19 * *
m |

2

3 *

4 skek

5 *

6

7 ok ok

8 ook ok *
X | stk %

2 * * 0.28 (0.15) 0.17 (-0.12) *

5 0.07 (-0.08) ok *

7 0.22 (-2612) 0.15 (-0.14) Hokk * *

8 ok ok 0.12 (0.1) *

9 * *

10 ok *

Il *

12 *

Summary of the genetic mapping by single marker and CIM of population size on days 5, 7 and 9, dauer larva formation for high (H) and low (L)
concentrations of food or pheromone and the respective plasticity (P) of dauer larva formation. For the CIM, the estimated locations and effects of QTL
significant at a genome-wide level are shown as the proportion of the inter-RIL variance explained by the QTL, R2, and, in parentheses, the magnitude of
the effect of the QTL where a positive value indicates that the DR1350 allele increases the trait value compared to the N2 allele. Marker-trait
associations not identified in the CIM analysis, but which where significant by single marker analysis are indicated by asterisks, with *, ** and *** denoting

significance at the 5%, 1% and 0.1% levels, respectively.

one on chromosome X (Figure 3, Table 3). MT-CIM anal-
ysis of population size supported one of the day 5 popu-
lation size QTLs on chromosome II (marker 2 on
chromosome 2 from Table 3). No significant QTLs were
detected by CIM for population size on day 7 nor were any
significant single marker associations identified.

Combined, the analyses of dauer development and popu-
lation size have therefore identified two regions of the C.
elegans genome that affect both traits. Firstly, there is a
region of the X chromosome near marker 2 that signifi-
cantly affects both the population size on day 9 and dauer
larva formation in response to changes in both the food
and pheromone concentrations, by CIM and single

Page 8 of 16

(page number not for citation purposes)



BMC Evolutionary Biology 2008, 8:15

0.75

0.5 7

0.25 1

Proportion of dauer larvae

0 1 2 3 4
Food concentration (% w/v)

Figure 4

A chromosome Il QTL affects dauer larva develop-
ment. The mean (x | SE) proportion of dauer larvae that
developed over a range of food concentrations for N2 (- -),
DR1350 (-J-) and NIL-1 (--<>+).

marker analyses respectively. Comparison of these pheno-
types among the 21 RILs for which both phenotypes had
been measured showed that the population size on day 9
was positively correlated with the plasticity of dauer larva
formation in response to pheromone concentration (12 =
0.55, p = 0.01), but not with the plasticity in response to
food concentration (r2=0.10, p = 0.57). Secondly, there is
a region on chromosome Il near marker 11 (see below)
that significantly affects both the population size on day 5
and dauer larva formation at low food concentrations.
However, these traits do not correlate (r2= 0.10, p = 0.57).

We undertook further mapping to investigate the extent of
the co-incidence of the chromosome II QTLs affecting
both population size and dauer larva formation.

Dauer larva development: chromosome Il further mapping
Among the RILs, those with a DR1350 genotype at chro-
mosome II markers 11 and 13 (i.e. RILs with a DR1350
genotype at the chromosome II QTL) formed a signifi-
cantly lower proportion of dauer larvae compared with
those lines either with an N2 genotype at both markers
and recombinants (i.e. RILs with a DR1350 genotype at
marker 11 and an N2 genotype at marker 13) (F, 4 =
11.25,p < 0.001) (Figure 5A). This therefore indicates that
the loci underlying the chromosome II QTL are not
located between markers 9 and 11 and lie to the right of
marker 11 on chromosome II (Figure 6A).

Analysis of dauer larva formation in NILs indicated that at
a low food concentration (1% w/v), a significantly lower

http://www.biomedcentral.com/1471-2148/8/15

0.75 - A B

0.5 - T

Proportion
HH

0.25

0 T T
N2 Recombinant DR1350
RIL genotype

B. A B

0.3
0.2

0.1

Proportion

N2

NIL-10
NIL-110 H“

C. 200 - A B C

H
t

150

H
HH

100

Population size

50 4

N2
NIL-110
NIL-1
NIL-9
DR1350

Figure 5

Dauer larva development and population size: chro-
mosome |l further mapping. The mean (x | SE) propor-
tion of dauer larvae that developed at a low food
concentration (1% w/v) in (A) RILs with a DR1350, N2 or a
N2/DR1350 recombinant genotype for markers || and I3
on chromosome Il and (B)in N2, DR1350 and four NILs with
varying regions of the DR1350 genome introgressed into an
N2 background. (C) The mean ( | SE) population size on
day 5 in N2, DR1350 and three NILs with varying regions of
the DR1350 genome introgressed into an N2 background.
Within each figure, lines or groups marked with the same let-
ter do not significantly differ; those marked with different let-
ters do significantly differ (p < 0.05).
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Marker 9 10 1112 13 14
Position (Mbp) = 8 8% R a

N o o on <t <t

| Chromosome 11

A.RILs
Genotype i | Phenotype
DRI350 I DR | 350-like
Recombinant _—— ' N2-like
N2 | — : : | N2-like
QTL >
B. NILs
Line Phenotype
NIL-10 l e N2-like
NI e . DR1350-like
NIL-68 — — DR1350-like
NIL-9 [ el ] DR 1350-like
QTL ___l
QTL Lot
defined by (A) and (B) H

Figure 6

Schematic representation of the chromosome Il QTL. Schematic representation of a region of chromosome Il showing
the dauer larva development phenotype of (A) RILs with an N2-like, DR1350-like or recombinant genotype between markers
I'l and 13 (Figure 5A), this defines the QTL to lie to the right of marker |1 (red arrow) and (B) N2, DR1350 and four NILs
with varying regions of the DR 1350 genome introgressed into an N2 background (Figure 5B), which therefore defines the QTL
to lie between markers 9 and 12 (red line). The data from A and B combined therefore define the QTL to a 208 Kbp region
between markers | | and 12. DR1350 genotype is shown in blue and N2 genotype in yellow, thinner black lines denote regions
where recombination has occurred between flanking markers and the genotype is therefore not known.

proportion of dauer larvae developed in NILs-9, -68 and -
110 and DR1350 than in NIL-10 and N2 (F5 g, =8.42, p <
0.001) (Figure 5B), i.e. the presence of the introgressed
DR1350 DNA is sufficient to replicate the DR1350 dauer
development phenotype. The genotype data for these
NILs therefore defines the DR1350 allele of the chromo-
some II QTL affecting dauer development to lie between
markers 9 and 12 on chromosome II (Figure 6B). This
combined with the previous definition of the left extrem-
ity of the QTL (Figure 5A) therefore resolves the QTL to a
208,662 bp region between markers 11 and 12 (3.66 -
3.87 Mbp) (Figure 6).

This chromosome II QTL region in N2 is predicted to con-
tain 72 genes and 10 pseudogenes (see additional file 2A
for details) [23]. The RNAi phenotypes, gene ontology
(GO) terms, and both the spatial and temporal patterns of
expression of these genes do not present any obvious can-
didates for the control of the dauer larva development
phenotype. However, thirteen of these 72 predicted genes
and 7 of the 10 predicted pseudogenes are predicted to be
7-transmembrane receptors [23]. The role of these recep-
tors in information transduction, may suggest that a poly-
morphism in one of these genes or pseudogenes, such that
an N2 pseudogene is active in DR1350, may underlie the
differences in dauer larva development of these lines.
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The 5 QTL identified on the X chromosome could not be
defined to small genomic regions. The combined confi-
dence limits for these QTL encompass approximately a
third of the X chromosome (5.5 - 12.3 Mbp). Within this
region there are a number of genes known to be involved
in dauer larva development, e.g. daf-9, daf-12, dyf-6 and
dyf-12 [11,23]. The phenotypic effect of the X chromo-
some QTL may therefore be due to one of these genes and,
or other loci within this region.

Population size: chromosome Il further mapping

Analysis of the population size trait indicated that on day
5, the population sizes of N2 and NIL-110 were signifi-
cantly greater than those of NILs-1 and -9, which were in
turn greater than that of DR1350 (F, 9= 17.86, p <0.001)
(Figure 5C). The genotype data for these NILs therefore
resolves the DR1350 allele affecting population size on
day 5 to a 657,795 bp region between markers 12 and 14
(3.87 — 4.53 Mbp). In N2, this region is predicted to con-
tain 116 genes and 2 pseudogenes (see additional file 2B
for details) [23]. The RNAi phenotypes, GO terms and
both the spatial and temporal patterns of expression of
these genes do not suggest any obvious candidates for the
control of the population size phenotype.

Discussion

Extensive variation in both the phenotypic plasticity of
dauer larva development and population size phenotypes
among the RILs was observed. For both phenotypes, there
were RILs with phenotypes more extreme than the paren-
tal lines (Figures 1 and 2). Indeed, such transgressive seg-
regation appears to be common in C. elegans and has been
observed for a number of other life-history traits (e.g.
[9,24,25]). The variation in dauer larva development
between RILs was similar in magnitude to that previously
observed among a small number of RILs [19]. However,
we observed that approximately 5% of the lines had sub-
stantial negative plasticity of dauer larva formation; that
is, dauer larva formation was greatest at the higher food
concentration. A similar phenomenon was observed in
the phenotypic analysis of synthesised daumone, where
across a range of food concentrations, negative pheno-
typic plasticity of dauer larva formation was observed at
very low food concentrations, but beyond a mid-concen-
tration of food, there was positive phenotypic plasticity
[17]. We hypothesise that in the RILs studied here this pre-
viously reported negative plasticity phenotype [17] has
become manifest for some the RILs because of a shift in
these lines of their sensitivity to the concentration of food.

The adaptive value of the C. elegans dauer larva and the
variation in its formation is unknown, largely due to our
limited knowledge of the natural history of this species. In
compost-rich soils, C. elegans is mostly found as dauer lar-
vae rather than as reproducing adults [26]. The compara-
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tive abundance of this life-cycle morph in the wild
therefore suggests its central importance for C. elegans and
that the control of the formation of dauer larvae is likely
to be under strong natural selection. This suggests that var-
iation in the plasticity of dauer larva formation may also
be under similarly strong selection and hence that this var-
iation may be adaptive.

The observed population sizes of the RILs were smaller
than those predicted from measures of lifetime fecundity
and reproductive schedule. In these assays on day 9 the
food supply is exhausted which suggests that by this time
the growing population is subject to density-dependent
effects. The C. elegans rate of reproduction is lower in low
food concentration settings. Comparison of the rate of
reproduction of eat mutants suggests that the rate of repro-
duction is determined directly by calorific restriction,
thus, that density-dependent effects on reproduction
come about by such caloric restriction. This trait is there-
fore different from the dauer larva developmental choice,
in which a developmental decision is made based prima-
rily on the multi-factor perceived environmental condi-
tions. That is, the density-dependent effects on
reproduction are a consequence of the internal state of the
worm while the effects on dauer development are a conse-
quence of the external environment.

In summary, under conditions of reduced food availabil-
ity, a likely significant environmental stress, larval stages
of C. elegans form dauer larvae and the reproduction of the
adult hermaphrodites is altered, which reduces the rate of
reproduction. Therefore, these different life-cycle stages
both have strategies for responding to this environmental
stress and that these larval and adult hermaphrodite
responses to this stress vary between lines. There are con-
sistent differences in C. elegans life-history traits when
grown on two different food sources. On chemically
defined liquid media, both development and lifetime
fecundity are reduced and lifespan increased compared
with worms grown on an NGM/OP50 food source [27-
29]. These results suggest the existence of at least two dis-
tinct adult life histories: one maximizing the intrinsic rate
of population increase (NGM/OP50 food), and the other
the efficiency of exploitation of the carrying capacity of
the environment (chemically defined liquid media) [29].
Our observations that C. elegans varies in its reproductive
response to altered food conditions, is therefore in general
concordance with these observations.

We detected substantial genetic polymorphism between
N2 and DR1350 for much of the genome. However, we
did not detect any genetic differences between these iso-
lates on chromosomes IV and V nor in ~5 Mbp of the X
chromosome. This supports previous observations [22]
that also did not detect any polymorphisms between N2
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and DR1350 in several regions of the genome, including
those noted here.

Our genetic mapping analyses identified 10 QTL that
affect either dauer larva development or population size
(Figure 3 and Table 3). There are two principal regions of
the genome, on chromosomes II and X, that affect both
dauer larva development and population size. The dauer
larva development and population size QTLs identified
on the X chromosome could not be separated and, as
would be expected given the position and effects of the
day 9 population size and dauer development QTLs on
the X chromosome (Table 3), these traits are positively
correlated in the RILs. However, given the limited resolu-
tion of these QTLs little can be inferred about the genes
underlying these QTLs. In contrast, detailed analysis of
the chromosome II region separates the day 5 population
size and dauer larva development phenotypes (Figure 5)
showing that they are not controlled by the same loci.
Crucially, the chromosome II region that can control
dauer larva formation does not include any genes previ-
ously identified to affect this phenotype; therefore a new
locus or loci that affects dauer larva development has been
discovered. This locus or loci may not have been identi-
fied previously by more usual mutagenesis analyses, per-
haps because there may not be a severe (or any) dauer
formation (daf) loss of function phenotype.

The QTLs for population size appeared, on average, to
have greater phenotypic effects compared with those
affecting dauer larva development (Table 3). However, for
the chromosome II dauer larvae development QTL, the
phenotypic effect size is greater in the NIL analysis com-
pared with the QTL analysis (Figure 4 and 5C) and this
QTL affects dauer development across a range of food con-
centrations (Figure 4). The difference between the effect
size observed in the RILs and the NILs could have a
number of explanations. It is unlikely that there are epi-
static interactions between the DR1350 introgressed
region and the N2 genome, since no such interactions
were detected between QTLs. Similarly, we consider it
unlikely that the difference between the estimated pheno-
typic effect size of the QTL in the RILs and the observed
effect size in the NILs is due to the separation in the NILs
of loci with opposing effects on dauer larva formation
given the relatively large size (10.0 - 11.3 Mbp of chromo-
some II, data not shown) of the DR1350 region intro-
gressed in NIL-1. The greater than expected phenotypic
effect of the QTL in the NILs may therefore be an underes-
timate due to variation in trait measurement in these anal-
yses (Figure 1). Alternatively, the increased effect of the
QTL in the NILs may be a consequence of the use of dau-
mone, rather than pheromone extract in the assay of the
NILs. Because daumone is only one of three active com-
pounds in dauer pheromone [18], a larger observed effect
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would be expected in the NIL analyses if the chromosome
IT QTL represented a polymorphism in a gene specifically
involved in the response to daumone. Indeed, this would
be consistent with the suggestion that no candidate dauer
pheromone receptors have been isolated because different
receptors respond to the different active compounds in
the pheromone [15]. Hence, the disruption of the recep-
tor for one component of dauer pheromone would not be
expected to produce a dauer defective phenotype. Within
this region there are many predicted 7-transmembrane
receptors [11,23], and such receptors have been impli-
cated in the response to dauer pheromone by the finding
that the G-protein a-subunits GPA-1 and -2 are involved
in the response to pheromone [30]. One possibility is that
one of these genes is the basis of the QTL.

This work has shown that the larval dauer/non-dauer
developmental decision and adult reproduction are
affected by environmental conditions and that this varies
among C. elegans RILs. These analyses have been under-
taken on natural variation in these traits, thereby reflect-
ing some aspect of how these traits have evolved and, or
are maintained. These results further suggest the hypothe-
sis that the same, or closely linked genes, may co-ordinate
the response of these different life-history traits to envi-
ronmental stress and that there are different evolved strat-
egies by which these traits can be deployed. Further,
detailed genetic analyses are required to fully resolve this.

Conclusion

1. C. elegans alters both its propensity to form dauer larvae
and its adult rate of reproduction and lifetime fecundity,
in response to environmental stress.

2. C. elegans isolates vary in their dauer larva formation
and adult reproductive phenotypes and how these vary in
response to stress. Changes in dauer larva development
and adult reproductive strategy are related, shown by the
correlation of these traits among RILs.

3. QTL analyses have identified regions on chromosome
IT and X that control dauer larva development and popu-
lation size. The chromosome II QTL was further resolved
to genetically separate the control of these two pheno-

types.

4. Genetic analysis of the chromosome II QTL affecting
dauer larva formation, resolved this to a c. 210 Kbp region
containing no genes known to be involved in dauer devel-
opment.

5. C. elegans has a co-ordinated larval and adult response
to environmental stress controlled, at least in part, by
physically close genomic regions.
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Methods

Worms

C. elegans isolates N2 and DR1350 were used for the con-
struction of recombinant inbred lines (RILs) and nearly
isogenic lines (NILs). All C. elegans lines were maintained
on standard NGM plates with an Escherichia coli OP50
food source [31]. Strains were obtained from the
Caenorhabditis Genetics Center. RILs were generated as
previously described [19]. Briefly, this involved maintain-
ing N2 x DR1350 F1 cross progeny, produced from both
N2 hermaphrodite by DR1350 male crosses and recipro-
cal matings, individually and allowing them to self-ferti-
lise for at least 30 generations, at which point they were
cryopreserved. In total 200 RILs were produced. NILs were
produced by backcrossing N2 x DR1350 F1 cross-progeny
to N2 for nine generations and using polymorphic mark-
ers (see below) to genotype the progeny at every genera-
tion to identify lines with the desired genotype. All
resultant NILs were also genotyped for six markers on
other chromosomes to confirm homozygosity for N2 alle-
les.

Dauer larva formation assays

Dauer pheromone extract was prepared from N2 liquid
culture media as previously described [32]. A single batch
of pheromone was used for all assays of the RILs. This
batch of pheromone was different to that used previously
[19] and so the quantities reported here are not compara-
ble to this previous report [19]. Artificial dauer pherom-
one, so-called daumone, was synthesized according to the
published method [17]. This artificial pheromone, dau-
mone, was used for all assays of the NILs. Subsequently, it
has been reported that daumone is one of three molecules
that comprise C. elegans dauer pheromone and that dau-
mone induces the lowest level of dauer larva formation,
compared with the other components of dauer pherom-
one [18]. All dauer formation assays were carried out as
previously described [19], with the quantities of pherom-
one and, or food varied as described below. All dauer
assays were performed at 25°C with worms maintained
on 3.5 cm diameter plates containing 2 mL of dauer larva
formation assay agar [19].

For the RILs, the dauer larva formation phenotype was
measured at both high and low food concentrations
against a standard concentration of dauer pheromone (15
pL/mL agar). To prepare the high and low food concentra-
tions, liquid cultures of E. coli OP50 were grown overnight
to saturation, centrifuged and the media removed, and
resuspended, in water, at 2 and 1% w/v, respectively. RILs
were assayed in 10 separate assays, with N2 and DR1350
controls included in each assay. Within each assay, there
were three or four replicate plates for each RIL, and
between five and ten replicate plates for N2 and DR1350
each at both food concentrations. Plates on which there
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were fewer than 20 worms and plates on which larvae
could not be classified as dauer or non-dauer larvae with
confidence, were excluded from all further analyses. Fur-
ther, when data were only available for a single plate at
one combination of conditions, these data were also
excluded. The dauer formation phenotype of the NILs was
measured at low food concentrations as described above.

Population growth

To measure the population growth of 48 randomly
selected RILs, L1 stages were obtained by allowing eggs
liberated from hypochlorite treated gravid hermaphro-
dites [31], to develop on NGM plates in the absence of
food for 24 hours at 19°C. These arrested L1s were then
individually placed on fresh 5.5 cm diameter NGM plates
seeded with 100 pL of a stock OP50 food source and
maintained at 19°C. The population that grew from these
individual L1s were assayed 5, 7 or 9 days later. This was
done on day 5 by directly counting the worms (all larval
stages and adults) visible on each plate; on days 7 and 9,
worms were washed from the plates with M9 buffer, and
the number of worms (all larval stages and adults) deter-
mined by dilution. Plates on which the worms failed to
grow and plates on which the worms had burrowed into
the agar were excluded from the analysis. In this manner,
the population growth of 48 RILs was measured in 8
experimental blocks, each of which contained 15 replicate
plates for 6 RILs. The parental lines, N2 and DR1350, were
also included within each experimental block.

Fecundity assays

The lifetime fecundity and the rate of reproduction, ¢ (see
Statistical analyses, below), were determined for 12 RILs
chosen to be representative of the range of dauer develop-
ment phenotypes observed among the 48 RILs whose
population growth had been determined. Late-stage L4s
were transferred individually to NGM plates that had been
previously seeded with an excess of OP50 food source,
and the worms were then transferred to fresh plates every
8 hours, until egg laying had ceased. The plates from
which the hermaphrodites had been removed were then
maintained for 24 hours to allow the eggs to hatch and
larvae to develop, which were then counted. This was
done in two experimental blocks, with the parental lines,
N2 and DR1350, included in each block, with 15 replicate
plates for each for line at 19°C.

To determine the effect of different concentrations of food
on lifetime fecundity and reproductive timing, these anal-
yses were repeated except that the NGM plates were
seeded with a food source consisting of 100 pL of 100, 50,
25,12.5 or 6.25% w/v OP50 diluted in LB medium. Prior
to the addition of these food sources, all plates were sup-
plemented with streptomycin to a final concentration of
50 mg/ml, to prevent the growth of OP50. At low food
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concentrations, worms leave the site of the food and can
be lost from an experiment; to prevent this, heated, sterile,
1 cm diameter brass rings were individually heated and
melted into the agar prior to the application of the food
and the worms, which were placed, and contained, within
the rings [33]. This was done for 6 RILs, which were repre-
sentative of the range of dauer development phenotypes
observed among the 12 RILs analysed above and the
parental lines, N2 and DR1350, with 25 replicate plates
for each line at each food concentration at 19°C. Plates on
which worms had desiccated on the walls of the brass
rings or in which worms had burrowed into the agar, were
excluded from the analysis.

The lifetime fecundity and reproductive timing of five eat
mutants (DAG06 eat-10(ad606), DA522 eat-13(ad522),
DA573 eat-14(ad573), DAGO2 eat-15(ad602)) [21] and
N2 were determined, as described above, but without the
use of brass rings, for individual worms with a food source
consisting of 100 pL of 100, 50, 25 or 12.5% w/v OP50
diluted in LB medium. At 100% w/v OP50, 25 replicate
plates of each strain were used; 60 replicate plates were
used for 50 and 25% w/v OP50 and 70 replicate plates
used for 12.5% w/v OP50 at 19°C.

Statistical analyses

Dauer development and lifetime fecundity were analysed
using generalized linear models (GLMs), with LINE and,
as appropriate, FOOD and, or PHEROMONE concentra-
tion, ASSAY and TIME fitted as factors. When included in
analyses, ASSAY was fitted such that LINE was nested
within ASSAY. All analyses were performed in Minitab
and all proportion data were arcsine transformed prior to
analysis. All data presented in the text, figures and tables
has been back transformed.

To determine the rate of reproduction, ¢, the daily cumu-
lative fecundity, expressed as a proportion of lifetime
fecundity, was determined for each worm. This gives a
relationship where the proportion of eggs laid increases
from 0 on day 0 and converges to an asymptote of 1 on
the final day of egg laying. The reproductive timing,
expressed as the cumulative proportion of eggs laid, can
then be described by y = 1 - e(-#), where ¢ is the rate of
reproduction and x is the day of egg laying. The reproduc-
tive rate, ¢, was then estimated individually for each worm
by iteratively determining the value that gave the best fit
to the data, which was determined by maximum likeli-
hood using negative log likelihoods. A large value of g
means that a greater proportion of eggs are laid earlier
compared with a low value of ¢. These rates of reproduc-
tion, ¢, of different lines and under different conditions
were analysed by ANOVA.

http://www.biomedcentral.com/1471-2148/8/15

The lifetime fecundity and reproductive timing of individ-
ual worms were also used to calculate the expected popu-
lation size after 5, 7 or 9 days and these predicted values
were correlated to the observed population sizes. Expected
population size was calculated using a model in which the
lifetime fecundity and reproductive schedule were used to
calculate the number of eggs laid in a particular 8 hour
period (see additional file 3). The delay between an egg
being laid and it, in turn, reproducing was then estimated
using data on the timing of embryogenesis and the time
from hatch to first egg laying. This process was iterated
over the desired period of time, to determine the total
population size.

QTL analyses

Candidate polymorphic markers that would differentiate
N2 and DR1350 were screened by RFLP or direct sequence
analysis. Three groups of candidate markers were
screened: single nucleotide polymorphisms (SNPs) that
differentiated N2 and DR1350 [22]; SNPs that differenti-
ate N2 and CB4856 [23,34] and a number of intergenic
and intronic regions that were within regions not covered
by the two other groups of candidate markers (see addi-
tional file 1 for all regions screened). RILs were genotyped
either by RFLP analysis or by allele-specific PCR.

Marker order was based on physical position in the N2
genome [23]. Genetic distance between neighbouring
markers was calculated from the proportion of recom-
binants between the markers in the RILs using Kosambi's
mapping function [35]. Segregation distortion from an
expected 1:1 DR1350: N2 ratio was tested by y2 analysis
for each marker with Bonferroni-corrected significance
levels.

QTL mapping was performed using QTL cartographer
[36]. In total, nine traits from three experiments were ana-
lysed. Dauer development in response to different food
concentrations, from which dauer larva formation at high
(2% w/v) and at low (1% w/v) food concentrations, and
the plasticity of dauer larvae formation, which was calcu-
lated as the difference in the proportion of dauer larvae
formed between low and high food concentrations, were
analysed. Dauer development in response to different
pheromone concentrations from previously available data
[19], from which a directly analogous set of traits concern-
ing dauer development in response to different pherom-
one concentrations were analysed. The population size at
day 5, 7 and 9 was also analysed. Each trait was initially
investigated by single marker analysis. Data were then
analysed by composite interval mapping (CIM), using
model 6, forward and backward stepwise regression, a 10
cM window size and a 2 <M walking speed. Genome-wide
significance levels, p < 0.05, for each trait were determined
by performing 1000 permutations on the data. Effects size
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and R2 values for significant QTLs were determined from
these CIM analyses. To better control for the analysis of
multiple traits, each of the three experiments, were also
analysed by multiple trait CIM (MT-CIM) [36,37]. Analy-
sis settings were as described above; genome-wide signifi-
cance levels, p < 0.05, were determined by performing
1000 permutations on the data. GxE interactions were
investigated in two ways. Firstly, the plasticity of dauer lar-
vae formation, calculated as described above, was ana-
lysed by CIM as a separate trait. Secondly, GxE
interactions were analysed as part of the multiple trait
CIM analyses. Epistasis between identified QTLs was
assessed by multiple interval mapping (MIM).

Authors' contributions

MEV conceived and directed the study. SCH devised and
executed the dauer larva phenotyping, genotyping, all
molecular genetic and genetic analyses and data analyses;
AS undertook the population growth and fecundity
assays. The manuscript was written by SCH and MEV. All
authors read and approved the final manuscript.

Additional material

Additional file 1

Genomic regions and markers screened in DR1350. (A) Genomic
regions sequenced in DR1350, showing the physical location, the size of
the amplified region and the PCR oligonucleotide primers (5'-3') and,
where appropriate, the candidate SNP contained within the amplified
region [23]. (B) N2/CB4856 RFLP polymorphisms screened in DR1350,
showing the polymorphic marker [23], the chromosome and physical loca-
tion (Mbp), the restriction endonuclease used and the PCR oligonucle-
otide primers (5'-3'). No N2/DR1350 polymorphisms were detected.
Click here for file
|http://www.biomedcentral.com/content/supplementary/1471-
2148-8-15-S1.XLS]

Additional file 2

Candidate genes underlying the chromosome II QTLs. Genes and pseu-
dogenes predicted to occur in N2 within the defined regions of the chro-
mosome I QTLs for (A) dauer larva development and (B) for population
size on day 5. For each gene, the Wormbase ID number, gene name, gene
description and position and, where available, any RNAi phenotypes, the
expression pattern and gene ontology (GO) terms are given [23]. 7TM,
7-transmembrane; Adl, adult lethal; Bli, blistered, Bmb, organism mor-
phology abnormal; Ced, cell death abnormal; Clr, clear; Dpy, dumpy; Egl,
egg laying abnormal;, Emb, embryonic lethal; Gro, slow growth; Let,
lethal; Lva, larval arrest; Lvl, larval lethal; Muv, multivulva; Pch, patchy
colouration; Prl, paralysed; Pvl, protruding vulva, Ric, aldicarb resistant;
Rup, exploded through vulva; Sck, sick; Sma, small; Ste, maternal sterile;
Stp, sterile progeny; Unc, locomotion abnormal.

Click here for file
|http://www.biomedcentral.com/content/supplementary/1471-
2148-8-15-S2.XLS]
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Additional file 3

Model used in the calculation of predicted population size. The equa-
tion used in the calculation of the predicted population size and the defi-
nition of the parameters.

Click here for file
|http://www.biomedcentral.com/content/supplementary/1471-
2148-8-15-53.D0OC]
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