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Ontogenetic reaction norm for binary traits: the timing
of phallus development in the snail Bulinus truncatus

M-F Ostrowski, P Jarne, O Berticat and P David

CEFE-CNRS, 1919 route de Mende, 34293 Montpellier cedex 5, France

The ontogenetic trajectory of plastic binary traits may pro-
vide valuable insights into their evolutionary rate of change.
In this paper, the timing of the plastic response of a tempera-
ture-dependent sexual polymorphism, aphally, is investi-
gated in the freshwater snail Bulinus truncatus. Aphally is
defined as the loss of the male copulatory organ in otherwise
hermaphroditic animals. Individuals from two inbred lines
were switched at various times during their early develop-
ment between 25 and 30°C, and their phally status ascer-
tained, in order to evaluate the parameters characterising
the ontogenetic reaction norm of aphally to temperature. A
series of nested models including parameters for the onset,

offset, and the intensity of the response to temperature were
fitted to the data, allowing for a wide range of reaction
norms. One genotype did not show any variation in aphally
ratio with switching temperature, while a switch-point model
(onset and offset corresponding to the same developmental
point in time) best fitted the second genotype. The results
suggest that the plasticity of aphally is expressed before
eggs hatch. Their consequences on the evolution of aphally
are discussed. More generally, the methodology proposed
here can be used to analyse variation in ontogenetic para-
meters of discrete traits.
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Introduction

Sexes and sexual polymorphisms are examples of dis-
crete traits extensively studied for their complex genetic
determinism and usually analysed under the threshold
model (Roff, 1997; Lynch and Walsh, 1998). Increasing
attention has been given to the plasticity of such traits in
relation to various environmental variables (eg, tempera-
ture, light, host quality: Waller, 1980; Charnov, 1982;
Janzen and Paukstis, 1991; Paoletti and Holsinger, 1999;
Roff and Bradford, 1999). More recently, the importance
of genotype-by-environment interactions has been
attested by several studies (Rhen and Lang, 1998;
Ostrowski et al, 2000). Surprisingly though, the onto-
genetic aspects of this plasticity have been far less
considered. However, characterising the developmental
timing of plasticity is relevant to the study of the evol-
ution of discrete plastic traits. It defines a time window
during which the organism is sensitive to the environ-
ment and ‘picks’ the form it will assume at the adult
stage. Because the expected fitness may depend on this
decision, selection is likely to optimise the amount of
environmental information collected by the organism by
shaping this window. Beyond that, the question of
whether individuals passively undergo their environ-
mental conditions during this window or are able to
choose them to some extent is also of interest, because it
modulates the effective amount of genetic variation on
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which selection can act (Roff and Shannon, 1993). Habitat
selection during development can indeed affect the
apparent genetic variation of plastic discrete traits in dif-
ferent directions. First, assuming no correlation between
genotype and environment, habitat selection will tend to
reduce the variance due to environmental differences,
improving the response to selection relatively to a situ-
ation where organisms develop in a wider range of
environments (Bull et al, 1982). A further enhanced
response would be obtained in presence of a positive cor-
relation, that is if individuals were choosing environ-
ments that favour the expression of their genetic propen-
sity. Conversely, a negative correlation would reduce the
response. The latter case has been described for macropt-
ery in the sand cricket Gryllus firmus. In this species, the
timing of plasticity allows a habitat selection that could
impede the evolution of macroptery in nature (Roff and
Shannon, 1993).

Aphally is a sexual polymorphism defined by the co-
occurrence of regular hermaphrodites, referred to as
euphallic individuals, together with aphallic individuals
which are deprived of a male copulatory organ. Both
morphs can self-fertilise and outcross, though aphallics
outcross only as females. Most studies on this trait have
been conducted in the freshwater snail Bulinus truncatus.
Aphally has a complex genetic basis together with a
strong environmental determination (Doums et al, 1996;
Ostrowski et al, 2000). An increase in developmental tem-
perature yields a higher frequency of aphallic individuals
(aphally ratio or AR), both in the laboratory (Schrag and
Read, 1992; Doums et al, 1996) and in natural populations
(Schrag et al, 1994). As macroptery, aphally could be
affected by habitat selection of mobile individuals during



the time window of its plasticity. Assessing the opport-
unity of such a habitat selection requires the evaluation
of this plastic period. The aim of this paper is therefore
to characterise the ontogenetic reaction norm of aphally
in B. truncatus. Individuals from two inbred lines were
transferred at various ages from a lower to a higher
developmental temperature. The temporal change in
expression of the phally status has been analysed using
an original procedure that allows for a genotype-specific
description of the ontogenetic reaction norm of plasticity
to temperature.

Materials and methods

Biological material and rearing conditions
Bulinus truncatus is a highly selfing snail species
(Larambergue, 1939; Viard et al, 1997). Isolated individ-
uals start to lay eggs, when they are approximately 5 mm
long under laboratory conditions (eg 25 days of age at
25°C; Doums et al, 1998a). Eggs come in capsules contain-
ing up to 20 egg cells (Larambergue, 1939). Oviposition
of egg capsules preceeds hatching of juveniles by about
5 to 10 days depending on the environmental conditions
(Doums et al, 1998a). Aphallic individuals have been
detected in almost all populations of B. truncatus so far
studied, at frequencies generally higher than 50%
(Doums et al, 1998b). The phally status seems to be
determined (for life) around the egg and juvenile stages
(Schrag and Read, 1992) and it can easily be checked in
snails larger than three mm (Jarne et al, 1992). More infor-
mation on the breeding biology and phally polymor-
phism in B. truncatus is given in Doums et al (1998a).
The experiment was conducted using two inbred lines.
Each of these lines originated from a single founder
individual obtained through at least 10 generations of
controlled selfing from a single G, individual taken in a
natural population from Niger (Kobouri and Namaga for
line 1 and 2 respectively; see Doums et al (1996). The indi-
viduals used were therefore considered as wholly homo-
zygous and genetically homogeneous within each line.
Over the whole experiment, snails were maintained
under a 12/12 photoperiod in 75-ml plastic boxes filled
with water originating from the Lez spring (near
Montpellier). Details on rearing temperatures are given
below. Snails were fed ad libitum with boiled lettuce.
Water and food were changed twice a week.

General method

The main quantitative parameters characterising the
development of a continuous trait are typically the onset,
offset and rate of its growth (Gould, 1977). An associated
ontogenetic reaction norm has been defined by adding a
temporal axis to the classical reaction norm (Pigliucci and
Schlichting, 1995, Figure 1la). For plastic binary traits,
ontogenetic parameters are better defined as the onset,
offset and the temporal rate of change in the probability
that an individual of a given genotype will end up in a
given final state s;. This cannot be estimated at the indi-
vidual level but only as the frequency of the s; phenotype
among a set of genetically similar individuals reared in
the same conditions. Empirically, the ontogenetic reac-
tion norm of a plastic binary trait is therefore constituted
of a set of estimations with binomial errors. However, as
the probability to end up in a given state during develop-
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Figure 1 Ontogenetic reaction norms for continuous (A) and binary
(B) characters. (a) The (Phenotype, Ontogeny, Environment) space
defining the ontogenetic reaction norm of a continuous character
for a hypothetical genotype in three environments over its lifespan
(after Pigliucci and Schlichting, 1995). (b) The ontogenetic reaction
norm of a plastic binary trait for a hypothetical genotype in three
ordered pairs of environments over a time interval that includes
the onset (2) and the offset (b) of the effect of the environmental
variable. All individuals are born in the same initial reference
environment w. Age at transfer refers to the age at which
developing individuals are transferred from w to one of the final
environments (x, y, z). Initial vs final environments are not
exchangeable; the represented reaction norms are unilateral. The
frequency of the s, phenotype is evaluated at the adult stage (age
> b).

ment is usually unknown until development is com-
pleted, the onset, offset and the temporal rate of change
in this probability cannot be estimated without
performing a switch experiment (Figure 1b). In such
experiments, individuals are initially raised in, say,
environment A, then transferred into environment B at
various times. Because of the possibility of asymmetric
responses, the ontogenetic reaction norm estimated using
such a protocol is a priori valid for the ordered pair A,B
(Figure 1b).

Experimental design

Individuals were transferred from 25 to 30°C at various
ages, that is from age -5 days to +25 days (Table 1). Age
zero is the time when an individual is laid as eggs. Nega-
tive age classes correspond to individuals whose mother
has been transferred to 30°C before the egg was collected.
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Table 1 Description of the 12 treatments in which either G,,,; indi-
viduals (treatments 9 to 12), or G,,,, individuals (treatments 1 to 8)
were transferred from 25 to 30°C

Treatment T, T, Median Time
time range
1 25 25-30 25 20 to 30
2 25 25-30 16.5 13 to 20
3 25 25-30 9.5 6 to 12
4 25 25-30 5 4to6
5 25 25-30 3 2to 4
6 25 25-30 1.5 1to2
7 25 25-30 0.75 05to1
8 25 25-30 0.25 0to 0.5
9 25-30 30 -0.75 —0.5 to -1
10 25-30 30 -1.5 -1 to -2
11 25-30 30 -3 —4 to -2
12 25-30 30 -5 —4 to -6

T, refers to the temperature(s) successively experienced by G,
(parent) individuals, and T, to that (those) successively experienced
by G,., (offspring) individuals. Median time and time range (in
days) are the median time and its range spent by G,,,, individuals at
25°C (positive values), or by G,., individuals at 25°C before transfer
(negative values). Time range is also the time over which the cap-
sules were collected for each treatment.

Positive age classes correspond to individuals transferred
to 30°C as eggs or juveniles. Negative age classes were
included to allow for maternally-mediated influence of
temperature on immature oocytes or eggs.

Randomly chosen snails of the 10th laboratory gener-
ation (G,) from each of the two lines were isolated to
produce parental snails (G,,,) of identical ages. Ten and
12 G,,, snails for genotype 1 and 2 respectively were
maintained isolated at 25°C and produced offspring
(G,12). The snails transferred from 25 to 30°C were either
G, individuals (negative age classes), or G,,, individ-
uals (positive age classes). Collection of egg capsules
from G,,,; snails was done over a period of about 40 days
(22 April to 4 June 1999). The 12 treatments of the experi-
ment are detailed in Table 1: G,,,, snails were transferred
from 25 to 0.25 days after having been laid as eggs
(treatments 1 to 8) and G,,,; snails were transferred from
0.75 to 5 days before their eggs were collected (treatments
9 to 12). As it is technically impracticable to determine
the precise time when each egg was laid, age zero was
set at the midpoint of the interval during which females
of each treatment were allowed to lay eggs (see Table 1).
Note that time intervals are much larger for treatments
1 to 4 and 12, because previous results suggested that the
critical time for phallus development is around ovi-
position (Schrag and Read, 1992). Although we tried to
compensate for potential imbalance in number of individ-
uals across treatments by increasing the number of G,
females used for short intervals, a consequence is that the
number of G,,, individuals varies across treatments (see
Appendix). After transfer, all individuals were main-
tained at 30°C up to the determination of the sexual
morph, at a minimum size of about 3 mm. In all treat-
ments, juveniles hatched in the box in which they were
laid. We arranged for the number of juveniles per box to
be less than 10 in order to minimise density effects on
growth (Dillon, 2000). The position of boxes in the rearing
rooms was regularly randomised. Phally status was
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determined in 808 individuals, that is 451 for genotype 1
and 440 for genotype 2 (detailed results in the Appendix).

Statistical analysis

With respect to the experimental design, the onset 2 and
the offset b of the effect of temperature on phallus devel-
opment correspond respectively to the ages at transfer
before and beyond which aphally ratios (ARs) remain
constant. Let p, be the probability that an individual
switched to 30°C at time (age) t ends up into the aphallic
state. As high temperatures favour aphally, the AR
should decrease when the age at transfer increases from
a to b. Accordingly, the logit transformed probability of
being aphallic at time t can be described as:

LN(./1-p)=a + % fora<t<b (11)
Ln(p;/1-p) =« fort <a (1.2)
Ln(p;/1-p) =8 fort>1b (1.3)

M

This model is flexible enough to allow for various effects
of the environmental variable, when changing values of
a, b, « and B. For example, if 4 = b and « # B, the prob-
ability to end up into the aphallic state depends only on
the temperature experienced at time a exactly (switch-
point model below). When a # b, the above equation (1)
describes a discontinuous line, as the AR changes gradu-
ally between ages a and b and remains constant outside
of this interval. A continuous curve could also be fitted;
however the discontinuous model has the advantage of
providing precise estimations of a and b. Moreover, a
continuous curve would imply an action of the environ-
ment from time —© to +%, which, however weak this
effect might be, is not biologically meaningful. We here
took advantage of the model’s flexibility, both consider-
ing a series of nested models and testing for genotype-
specific effects. In a first step, the goodness of fit of each
model was estimated using a maximum likelihood pro-
cedure, either considering each genotype separately, or
considering the whole dataset as a single homogeneous
group. The performances of the different models were
compared. We considered a complete model (12 para-
meters, that is that the AR was estimated separately for
each treatment), a gradual model (four parameters: 4, b,
a and B), a switch-point model (three parameters: a = b,
a and B) and a null model (one parameter, o = B, that is
constant AR). The log-likelihood of a model was given

by :
Ln(L) = 2 (aLn(p) + eLn(1 - pp) 2

where 4, and ¢, were the number of aphallic and euphallic
individuals respectively that were transferred at age f,
and p;, is the corresponding probability of being aphallic
under the model considered. For the gradual and switch-
point models, p, was calculated using equation (1),
imposing a = b in (1.2) and dropping the equation (1.1) for
the switch-point model. A Mathematica (Wolfram, 1991)
program was written to estimate numerically values of 4,
b, « and B that maximise the likelihood under these mod-
els. For the complete model, the best fit was obtained for:

a;
7
a, + ¢

fjl = 3)
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Table 2 Results of the likelihood-ratio tests performed on different versions (c and f holding for genotype constrained or free to vary) of

the gradual, switch-point and null models

Model Version Ln(L) Dev. N; X? N; - N; P

complete f -503.889 0 24 44.464 12 <10™*
c —526.121 44.464 12 - - -

gradual f -510.503 13.228 8 42.25 4 0.0003
c —531.626 55.474 4 - - -

switch-point f -511.888 15.998 6 39.51 3 0.0002
c -531.643 55.508 3 - - -

null f —542.295 76.812 2 25.85 1 0.0003
c -529.371 50.964 1 - - -

Ln(L) is the log-likelihood and Dev. the total deviance (twice the difference in Ln(L) between the model considered and the complete
model). N; refers to the number of independent parameters, X* to twice the difference in log-likelihood between two successive models (f
vs ¢ for the gradual, switch-point and null models), N; — N; to the difference in number of independent parameters between two successive
models and P to the corresponding probability of the x* test. — = irrelevant.

whereas for the null model it was obtained for:
E a;
pr=—"""". 4)
2 (a, +ey)
t

The maximum log-likelihood was obtained from equ-
ation (2). Models were compared by calculating the
change in deviance X? = 2 (L1(L) 001 1 — LNU(L) 0401 2). This
follows a x? distribution with N; — N, degrees of freedom

(N; being the number of independent parameters esti-
mated in model i; see McCullagh and Nelder, 1983).

Results

The results are summarised in Tables 2 and 3 and in Fig-
ure 2. The ARs obtained for genotypes 1 and 2 ranged
from 0.10 to 0.57 and 0.26 to 0.65 respectively. Although
these extreme values were similar for the two genotypes,
the distribution of the ARs among treatments differed
between them (Figure 2); a significant reduction in devi-
ance was obtained when the two genotypes were fitted
separately under each model (f and ¢ versions in Table
2). For genotype 1, the probability of being aphallic
increased when the time spent at 25°C decreased,
suggesting an influence of temperature (Figure 2a). In
contrast, no such change was observed for genotype 2,
suggesting no sensitivity to temperature (Figure 2b). This

is supported by the likelihood-ratio tests performed on
the different models for each genotype separately. For
genotype 2, the best model was the null model (P = 0.46,
SE = 0.05). On the other hand, the switch-point model
performed better than the null model for genotype 1.
Further, the gradual model was not superior in fit to the
switch-point model (Table 3). Under the switch-point
model, the best estimate for the age at onset and offset
of the effect of temperature was a = b = 1.5 days (95%
confidence intervals : 0.25 to 5.25 days), while the esti-
mates were a = 0.25 and b = 6.25 days (95% confidence
intervals: =3 to 4.5 days and 2 to 13.5 days respectively)
under the gradual model. The corresponding o and
were 0.42 and 0.18 (SE, = 0.07; SE; = 0.05) under the
switch-point model and 0.43 and 0.14 (SE, = 0.08; SE; =
0.06) under the gradual model.

Discussion

The results obtained for the Kobouri (gl) and the Nam-
aga (g2) genotypes are consistent with a previous study
(Ostrowski et al, 2000), in which no genetic variation was
detected for the AR between several Kobouri genotypes,
although they all were sensitive to temperature. The AR
estimated over all Kobouri genotypes were 0.07 (SE =
0.04) and 0.54 (SE = 0.09) at 25 and 30°C respectively,
which are comparable with the o (0.18; SE = 0.05) and
B (0.42; SE = 0.07) values obtained here for the Kobouri

Table 3 Results of the likelihood-ratio tests performed on the complete, gradual, switch-point and null models for for genotypes g, and
g, separately

Model Genotype Ln(L) Dev. N; X? N, - N; P
complete g1 —232.881 0 12 1.79 8 0.99
g —271.008 0 12 11.44 8 0.17
gradual g1 -233.775 1.79 4 271 1 0.099
g -276.728 11.44 4 0.50 1 0.48
switch-point g1 -235.129 4.496 3 33.15 2 <107
2 -276.975 11.934 3 1.39 2 0.24
null 21 -251.702 37.642 1 - - -
2 —277.669 13.32 1 - - -

Ln(L) is the log-likelihood and Dev. the total deviance (twice the difference in Ln(L) between the model considered and the complete
model). N; refers to the number of independent parameters, X? to twice the difference in log-likelihood between two successive models
(complete vs gradual, gradual vs switch-point and switch-point vs null), N; — N; to the difference in number of independent parameters
between two successive models and P to the corresponding probability of the x? test. — = irrelevant.
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Figure 2 Aphally ratio (AR) as a function of age of G,,,, individuals
at transfer (see Table 1). Each rectangle refers to a treatment (from
12 to 1 with increasing values on the x-axis), and its area is pro-
portional to the total number of individuals checked for their phally
status (see Appendix). (a) Genotype 1. The best-fit curves under the
switch-point and the gradual model are respectively depicted as a
dotted and a full line. Under the switch-point model, the best esti-
mate for the age at onset and offset of the effect of temperature
was a = b =1.5. Under the gradual model, the values were a = 0.25
and b = 6.25. (b) Genotype 2. The best fit line under the null model
is depicted as a full line (P = 0.46; SE = 0.05).

genotype under the switch-point model and similar
environmental conditions. In contrast, some genetic vari-
ation was detected for both AR and sensitivity to tem-
perature (G x E interaction) between Namaga genotypes
(Ostrowski et al, 2000), and not all were found to be sensi-
tive to temperature. As the ontogenetic reaction norm
was best fitted by the switch-point model for g1 and by
the null model for g2, the results of the switch experiment
reflect, to a limited extent, the genetic variability for the
sensitivity of aphally to temperature.

The dispersion around the fitted lines (Figure 2) mark-
edly differed between the two genotypes. This may be
explained in several ways. First, as increasing deviance
may result from decreased numbers of free parameters,
part of this discrepancy is due to the difference in num-
ber of parameters between the models fitted (four for the
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gradual, three for the switch-point, and one for the null
model). Second, as the binomial error depends on p and
reaches a maximum value for P = 0.5, part of the greater
dispersion in genotype 2 could be attributed to a greater
binomial sampling error, since the single estimated para-
meter in genotype 2 is P = 0.46. Third, maternal effects on
AR cannot be excluded, but would have to be of different
magnitude to explain the difference in dispersion
between the two genotypes. However, a previous study
indicated that mothers from a given genotype produce
similar ARs in the same controlled conditions (Ostrowski
et al, 2000).

As a consequence of the genetic variability for sensi-
tivity to temperature, the estimation of the ontogenetic
parameters of aphally is relevant for the Kobouri geno-
type only. Our results indicate that the gradual model
does not provide a significantly better description of data
than the switch-point model, although we note that the
associated probability is rather low (Table 3; P = 0.099)
and the fit visually satisfactory (Figure 2a). It remains
possible that this result is due to insufficient sampling
effort between the onset and offset of temperature effect,
in addition to the large sampling error inherent to binary
traits, and it calls for larger-scale experiments.

The estimated values of the age at onset under both
models (1.5 and 0.25 days under the switch-point and
gradual model respectively) suggest that the temperature
prior to oviposition has no effect on phallus development
(Figure 2a). These values also imply that the developmen-
tal temperature has an effect as soon as eggs are laid. At
the temperatures used here, the hatching time is about
5-8 days (Doums et al, 1998a). The estimated value of
the age at offset under both models (1.5 and 6.25 days)
therefore strongly suggest that temperature has no effect
beyond hatching. These results imply that individuals
cannot, or only to a very limited extent, choose the
environment in which their own sexual morph is determ-
ined. In contrast with the macropterous species G. firmus
(Roff and Shannon, 1993), it seems unlikely that B. trun-
catus individuals have the possibility to modify the
expression of their genetic propensity through their own
behaviour (eg actively moving towards environments
with specific temperatures), changing the potential
response of aphally to selection. However, the set of con-
ditions used in this experiment was restricted to one pair
of initial/arrival temperatures (25—30°C). Other sets
could reveal a more complex situation as, for instance,
change in temperature may not be symmetrical in effect.
A reverse switch experiment would therefore yield more
complete results, especially to assess the effect of tem-
perature ‘within the mother’, that is before the eggs are
laid. Further, it remains possible that mothers are able to
choose laying sites with specific temperatures which
would lead to the same consequences than offspring
choice on apparent genetic variation. Although egg-
laying preferences of B. truncatus are poorly known in
nature, adults of this species showed no particular
preference under laboratory conditions for any particular
area of a thermal gradient ranging from 12 to 38°C
(Chernin, 1967).

The adaptive nature of environmental phally determi-
nation (EPD) remains however ambiguous. This situation
parallels that of environmental sex determination (ESD),
for which adaptive hypotheses received ambiguous sup-
port from empirical data (Bull and Charnov, 1989; Rhen



and Lang, 1998). In the ESD framework (see Charnov,
1982, pp 37-66), the adaptiveness of environmental deter-
mination relies on a differential gain in fitness between
morphs when environment changes. Similarly, the adapt-
ive nature of EPD could rely on a differential gain in fit-
ness between the sexual morphs when temperature
changes. This remains to be precisely investigated in Bul-
inus. Bull (1981) emphasised that adaptive ESD evolution
is possible only if individuals cannot choose the environ-
ment in which they develop; otherwise they will choose
the environment that confers the highest fitness, buffer-
ing the required heterogeneity for adaptive evolution. For
the EPD to be adaptive, this criteria can be interpreted
as imposing the sexual morph to be entirely determined
before hatching, that is before juveniles are mobile, which
is consistent with our results.

Although the range of environmental conditions and
genotypes used in this study was limited, the method-
ology and models employed may be used to evaluate
genetic variation of ontogenetic parameters, as well as to
address other biological questions about environmental
determination. This may be applied to any other plastic
trait with binomial error, using an appropriate statistical
framework. Exploring the genetic variability of this kind
of traits can be informative at many levels. Changing the
timing of gene action (heterochrony) is considered to be
a fundamental way of altering adult phenotypes in rela-
tively short periods of time (McKinney and McNamara,
1991). Genetic variability in the length of the ontogenetic
time window and in the rate of development of binary
traits could well be a mechanism by which sensitivity is
altered and eventually targeted by natural selection.
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Appendix
Aphally ratio obtained for the two genotypes studied for the twelve treatments
Treatment Genotype 1 Genotype 2

N, N NN N, N NN
1 14 92 0.15 40 89 0.45
2 4 27 0.15 6 23 0.26
3 3 31 0.10 19 40 0.48
4 5 26 0.19 12 22 0.55
5 5 19 0.26 6 17 0.35
6 10 28 0.36 18 33 0.55
7 14 38 0.37 5 14 0.36
8 11 24 0.46 15 25 0.60
9 12 28 0.43 10 25 0.40
10 4 7 0.57 13 20 0.65
11 13 34 0.38 18 45 0.40
12 27 62 0.44 25 49 0.51

N, and N are the number of aphallic snails and the total number of snails analysed. N,/N is the aphally ratio.
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