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Adaptive latitudinal cline of photoperiodic diapause induction
in the parasitoid Nasonia vitripennis in Europe

S. PAOLUCCI, L. van b ZANDE & L. W. BEUKEBOOM

Evolutionary Genetics, Centre for Ecological and Evolutionary Studies, University of Groningen, Groningen, The Netherlands

Keywords: Abstract

Living in seasonally changing environments requires adaptation to seasonal
cycles. Many insects use the change in day length as a reliable cue for
upcoming winter and respond to shortened photoperiod through diapause.
In this study, we report the clinal variation in photoperiodic diapause induc-
tion in populations of the parasitoid wasp Nasonia vitripennis collected along
a latitudinal gradient in Europe. In this species, diapause occurs in the larval
stage and is maternally induced. Adult Nasonia females were exposed to dif-
ferent photoperiodic cycles and lifetime production of diapausing offspring
was scored. Females switched to the production of diapausing offspring after
exposure to a threshold number of photoperiodic cycles. A latitudinal cline
was found in the proportion of diapausing offspring, the switch point for
diapause induction measured as the maternal age at which the female starts
to produce diapausing larvae, and the critical photoperiod for diapause
induction. Populations at northern latitudes show an earlier switch point,
higher proportions of diapausing individuals and longer critical photoperi-
ods. Since the photoperiodic response was measured under the same labora-
tory conditions, the observed differences between populations most likely
reflect genetic differences in sensitivity to photoperiodic cues, resulting from
local adaptation to environmental cycles. The observed variability in
diapause response combined with the availability of genomic tools for N. vitri-
pennis represent a good opportunity to further investigate the genetic basis
of this adaptive trait.

diapause;
latitudinal cline;
life history;

Nasonia vitripennis;
photoperiod;
seasonal adaptation;
switch point.

that are characteristic of short-term responses (Gienapp
et al., 2008; Hoffmann & Sgro, 2011).

Many insect species spend the unfavourable season in
a physiological state of dormancy called diapause medi-

Introduction

In temperate and polar zones, light—-dark periods and
temperature show seasonal fluctuations. Species living in

such areas synchronize their life cycle with annual cycles
of environmental factors to optimally use the resources
available during the favourable season for their growth
and reproduction and to survive during harsh conditions.
Organisms cope with seasonal change in a variety of
ways, including different types of physiological, behavio-
ural and developmental adaptations. Such long-term
adaptations usually involve genetic changes, combined
with plastic responses and physiological adjustments
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ated by neuro-hormonal signals, in which develop-
ment is arrested, metabolic activity reduced and
resistance to environmental challenges increased
(Tauber et al., 1986). The developmental stage at which
diapause occurs ranges from embryo to adult, but each
species has a genetically determined and specific expres-
sion of the diapause syndrome (Tauber ef al, 1986;
Danks, 1987), Commonly, insects show facultative
diapause in which specific developmental stages are sen-
sitive to environmental stimuli. Only when cues for
approaching seasonal change (for example upcoming
winter) are perceived, insects respond adaptively by
entering diapause (Tauber et al., 1986). The evolutionary
significance of the diversity in diapausing stages
among insects has hardly been addressed. This requires
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comparative studies in connection with related life-
history traits in a variety of insect species.

Various environmental factors can induce diapause
response (Tauber et al., 1986), but the majority of spe-
cies living in temperate zones use the change in daily
light:dark cycles (photoperiod). This is the most reliable
cue for seasonal change as it remains constant over
geological time (Bale & Hayward, 2010) and is corre-
lated with other factors such as temperature, moisture
and food availability (Tauber et al., 1986). Photoperiod
changes gradually and consistently along a latitudinal
gradient, and insects at different latitudes have evolved
specific responses to the prevailing photoperiods. The
critical photoperiod, corresponding to the day length at
which 50% of individuals in a population enters
diapause, is longer towards higher latitudes (Kurota &
Shimada, 2003; Wang et al., 2011).

Despite the large number of studies on latitudinal
variation of diapause response, its genetic regulation
and the evolutionary mechanisms behind it are still
poorly understood. To get insight into these mecha-
nisms, it is important to investigate each aspect of dia-
pause and particularly the genetic variation underlying
variation in the sensitive stage during which the infor-
mation from the environmental cues is perceived. The
fruit fly Drosophila melanogaster has been extensively
used as a model species for studying the molecular
basis of adult reproductive diapause and the silk moth
Bombyx mori for induction of egg diapause (Schiesari
et al., 2011). These studies show that information from
the environment is processed by specific brain regions
that stimulate hormone production, which in turn
activates pathways for signal transduction, develop-
ment and stress resistance (Nelson ef al., 2010). Natural
selection can act on different levels of the pathway lead-
ing to diapause. For example, the observed geographical
variation in diapause induction can be determined by
genetic variation for detection of environmental cues.
Alternatively (or simultaneously), selection can act on
hormone production or on the regulation of signal trans-
duction that induce the diapause response. To understand
the genetic basis of adaptation to seasonal environmental
cycles, it is crucial to elucidate those aspects of diapause
that constitute the target of natural selection and vary
in relation to the environment. This requires insect
species with robust and clear photoperiodic responses,
distinct sensitive and responsive stages and well-devel-
oped genomic tools (Emerson et al., 2009).

The haplodiploid Hymenopteran genus Nasonia is
emerging as new model system in evolutionary biology
(Beukeboom & Desplan, 2003; Werren ef al., 2010).
Nasonia are small gregarious parasitoid wasps that para-
sitize the pupal stage of various blowfly species. There
are four closely related species, of which Nasonia vitrip-
ennis has a cosmopolitan distribution and therefore can
cope with a wide range of climatic conditions (Darling
& Werren, 1990). Nasonia has a facultative diapause

which occurs at the fourth larval instar just before
pupation and which is well defined and easy to mea-
sure (Saunders, 1965). Interestingly, it is induced by
the adult female which therefore represents the sensi-
tive stage. In general, when adult females are exposed
to short-day conditions (short photoperiod), they ini-
tially produce normal developing larvae and switch to
production of diapausing larvae after exposure to a crit-
ical number of light:dark cycles. Under long photoperi-
odic conditions, the switch occurs later or not at all.
The larval diapause is very strong and remains until
specific environmental conditions, such as increasing
temperature, induce further development (Saunders,
1962, 1966). Saunders used N. vitripennis extensively for
studying the mechanisms of photoperiodism and pro-
posed that photoperiodism consists of two separate com-
ponents: a photoperiodic timer which measures the
length of the day (or night), and a photoperiodic counter
which counts the number of cycles. The counter uses
the information from the timer to elicit the response
after a threshold number of photoperiodic cycles has
been reached (Saunders, 2002). Studying geographical
variation of this threshold level during the sensitive stage
will shed light onto the proximate mechanisms underly-
ing diapause variation and the genetics of seasonal adap-
tation. In this respect, Nasonia represents an excellent
model system since it provides the opportunity to study
variation in the perception of environmental conditions
during the sensitive stage (adult female) and how this is
translated into different response in the offspring.

Here, we describe the latitudinal variation in photope-
riodic induction of diapause using seven N. vitripennis
populations collected along a latitudinal gradient in Eur-
ope, as a first step towards unravelling the genetic archi-
tecture of this important life-history trait and its
variation. For all populations, we measured the critical
photoperiod (expression of the photoperiodic timer), the
number of photoperiodic cycles required for the induc-
tion of diapause (photoperiodic counter) and the overall
proportion of diapausing offspring produced during the
entire life of adult females exposed to different photope-
riodic regimes. We link these results to molecular data
on genetic divergence of populations to evaluate the
role of selection in maintaining the observed variation.

Materials and methods

Field collection

In summer 2009, Nasonia wasps were collected from
seven locations along a latitudinal gradient in Europe
from northern Finland to Corsica, covering a range of
about 23 degrees (Fig. 1. OUL: 65°3'40.16"N, 25°31’
40.80"E; TUR: 61°15'40.53"N, 22°13'23.96"E; LAT:
56°51'22.56"N, 25°12'1.38"E; HAM: 53°36'23.62"N,
10°10'17.74"E; SCH: 50°19'56.10"N, 9°30'47.00"E; SWI:
46°44'9.14"N, 7°6'57.34"E; COR: 42°22'40.80"N, 8°44'

© 2013 THE AUTHORS. J. EVOL. BIOL. 26 (2013) 705-718
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Fig. 1 Map of sampling locations in Europe. From North to South:
Finland, Oulu (OUL); Finland, Turku (TUR); Latvia (LAT);

Germany, Hamburg (HAM); Germany, Schltichtern (SCH);
Switzerland (SWI); France, Corsica (COR).

52.80"E). Wasps were collected from bird nests in nest
boxes. The nest boxes were mainly used by great tits
(Parus major), blue tits (Parus caeruleus) and flycatchers
(Ficedula hypoleuca). At least two sampling sites, each
including several nest boxes, were visited at each loca-
tion to increase the diversity of samples within the
same geographical location. Wasps were collected in
three ways. The main sampling technique consisted of
removal of nests at least 5 days after the birds had
fledged and subsequent dissection for fly pupae that
might have been parasitized. The second sampling
methodology involved the use of baits consisting of
mesh bags with approximately 25 laboratory-raised fly

Latitudinal cline of photoperiodic diapause 707

pupae (Calliphora spp.) that were placed in nest boxes
for a few days to attract Nasonia. They were subse-
quently taken to the laboratory for further develop-
ment and checked for wasp emergence. Thirdly, adult
wasps could also be collected directly in the field
from the nest material or on the baits. Table 1 pro-
vides an overview of the total number of nest boxes
that were sampled at each location. Wasps collected
within a nest box may be genetically related because
a single female can parasitize several fly pupae within
one nest, although most nests are colonized by multi-
ple unrelated founding females (Grillenberger et al.,
2008).

Establishment of isofemale lines

Isofemale lines were established from females collected
directly from the field, or from nest and bait emer-
gences. The pool of natural pupae obtained from a sin-
gle nest box or bait was maintained in a vial until
emergence of flies or wasps. Flies were discarded, while
emerged wasps were left for 1 day in order to allow
mating within the patch. Single females were subse-
quently isolated in a plastic vial and supplied with hosts
(Calliphora spp. pupae). As Nasonia females typically
mate once, a maximum of three different alleles per
gene will segregate in each line because of haplodip-
loidy, but this number may be reduced due to mating
among relatives (Grillenberger et al., 2008). In some
cases, multiple lines had to be established from one
nest box when not enough females were available
because too few nest boxes or baits yielded wasps. Iso-
female lines were maintained in mass culture vials at
diapause-preventing conditions (long photoperiod, tem-
perature = 20-25 °C). Throughout this article, the term
‘population” will be used for the pool of isofemale lines
established from each location.

Some wild-caught females from northern latitudes
(OUL and TUR) produced only diapausing offspring
after field collection and therefore could not be used

Table 1 Summary of field collection showing the number of nest boxes that yielded wasps in each sampling location and isofemale lines
used in the experiment. For each locality, the number of used nest boxes is given and the number of used isofemale lines established from

nest material, baits and wild-caught females in those nests. Lines used in the second experiment are shown in the panel on the right.

Location abbreviations are explained in Fig. 1.

Location COR SWI SCH HAM LAT TUR OouL TUR OouL
Fieldwork Nest boxes inspected 129 87 106 60 70 55 84
Nest boxes that yielded wasps*® 23 12 6 7 1 13 29
Experiment Nest boxes used 8 12 6 7 11 11 19 5 15
Lines from nest material 0 22 22 18 20 6 10 0 0
Lines from baits 0 2 0 6 4 5 0 0 0
Lines from wild-caught females 25 2 0 2 2 10 16 6 18
Total 25 26 22 26 26 21 26 6 18

*from natural host puparia, baits or as adult female individuals.

© 2013 THE AUTHORS. J. EVOL. BIOL. 26 (20183) 705-718
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immediately in the first experiment. These lines were
established as ‘diapause lines” and maintained under
diapause conditions (temperature = 5 °C, constant
darkness). After a few months, they were transferred to
20 °C and light:dark (LD) cycle 18 : 6 to break diapause
and subsequently used in a second experiment (see
below) to determine their diapause response.

Photoperiodic induction of diapause

Twenty-one to 26 isofemale lines per location were
used to measure diapause response under different pho-
toperiods. Given that the main goal of this experiment
was to investigate latitudinal variation in photoperiodic
response rather than variation within local geographical
populations, the number of independent lines was
maximized and lines were considered replicates within
a location. The details about number of isofemale lines
and their source for each location are given in Table 1.
Individuals from the first or second generation after
field collection were used. Prior to their use, they were
kept under standard conditions (25 + 1 °C, LD 18 : 6)
in mass cultures. Newly emerged individuals were
allowed to mate among themselves (siblings) for 1 day.
Single females were subsequently placed in cotton-
plugged 60 mm x 10 mm polystyrene tubes with two
hosts. Wasps were distributed over eight incubators
corresponding to the eight treatments used in the
experiment, resulting in a sample of 21-26 individuals
per location in every condition. Each treatment con-
sisted of a constant photoperiod (hours of light in
24 h). The following treatments were applied: LD
8:16, LD 10 : 14, LD 12 : 12, LD 13 : 11, LD 14 : 10,
LD 15:9, LD 16 : 8, LD 18 : 6 (Light intensity: 100-
200 lum/sqf). All treatments were at constant tempera-
ture (T = 20 £ 1 °C) and humidity (50%—-55% RH).

Females were exposed to the treatments for their
entire life and the two hosts were replaced every other
day. Parasitized hosts were transferred to a new vial
and cultured at 20 £ 1 °C and constant light. This
ensured standardized developing conditions of offspring
from all individuals in all treatments. Females were re-
hosted until death providing additional data about adult
longevity under different LD regimes.

Diapause scoring

Diapause in Nasonia occurs at the fourth instar larval
stage. Typically, females produce normal developing
larvae at the beginning of their life and switch to pro-
duction of diapausing larvae later in life after exposure
to a certain number of LD cycles. Diapausing larvae
arrest their development and resume it only after hav-
ing been kept under diapause-maintaining conditions
for at least 2 months (temperature ~4 °C, constant
darkness). Normal developing larvae emerge from the
host as adults after 21 days at 20 °C. Thus, diapause

can easily be determined by opening the hosts after
21 days and scoring for presence of larvae.

A total of 20 987 broods were scored for diapause.
Diapause was measured as a binary trait: each set of
two hosts provided in a 2-days interval was scored as
‘diapause’ when only diapausing larvae were present or
‘mo diapause’ when only adult offspring emerged. In
the case of mixed broods, if 50% or more individuals
were diapausing larvae, they were counted as ‘diapause
broods’, otherwise as ‘nondiapause broods’. Mixed
broods were rare and typically only occurred in one or
two hostings around the switch point. Very few hosts
were empty or yielded flies (nonparasitized) and were
excluded from the dataset.

For each female, two parameters were measured: the
production of diapause offspring which corresponds to the
proportion of diapausing broods relative to the total
number of broods in her life and the switch point mea-
sured as the maternal age at which the female switches
from producing nondiapausing to diapausing offspring
during the sequential hosting (i.e. the required number
of days of exposure to a particular LD regime for the
occurrence of the switch). For each population, the crit-
ical photoperiod for diapause induction was estimated as
the photoperiod corresponding to 50% of diapause
response (see statistical analysis). The correlation
between all parameters and latitude was measured.

Photoperiodic induction of diapause in ‘diapause
lines’ from northern locations

In a second experiment, additional isofemale lines
(Table 1) were used that had been established as ‘dia-
pause lines’ right after collection (see above). These lines
were from the two most northern locations and needed
to be added to the analysis to prevent a biased photope-
riodic response measurement. Females were taken out
of diapause after 2 months storage at 4 °C and cultured
for an extra generation under standard conditions
(25 &+ 1 °C, LD 18 : 6). The experimental set-up was the
same as the first experiment, except that only five LD
treatments were applied (LD 13 : 11, LD 14 : 10, LD
15:9,LD 16 : 8, LD 18 : 6) and females were re-hosted
every other day until day 20 of adult life.

Effect of laboratory culture on photoperiodic
diapause induction

Our experiments to determine the natural variation of
photoperiodic diapause response were performed using
individuals from the first or second generation after
field collection in order to keep the genetic make-up of
the different isofemale lines as close as possible to the
original state. In a separate experiment, a possible effect
of adaptation to lab condition was investigated by
re-testing a number of isofemale lines from three locations
(COR, HAM and OUL) after having been maintained

© 2013 THE AUTHORS. J. EVOL. BIOL. 26 (2013) 705-718
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for 13-14 generations in the lab. In addition, replicates
of the same lines that had been kept in diapause from
the second or third generation after field collection (for
about 10 months) served as controls. After synchroni-
zation and standardization of culturing conditions
(25 £1°C, LD 18:6) for two generations, adult
females were exposed to five LD treatments (LD
13:11, LD 14 :10, LD 15:9, LD 16 : 8, LD 18 : 6)
and re-hosted every other day for the first 20 days of
adult life. Diapause was subsequently scored as previ-
ously described using 10-16 lines per location.

Microsatellite genotyping for analysis of population
differentiation

The wild-caught adult females and those used to estab-
lish the isofemale lines were stored in 70% Ethanol
at —20 °C prior to DNA extraction and molecular anal-
ysis. Genomic DNA was isolated from individual
females using a standard high salt-chloroform protocol
(Maniatis ef al., 1982). Fifteen to 26 individuals per
location originating from different nest boxes within
each location were selected. Genetic differentiation
between populations was established using eleven poly-
morphic microsatellite markers (Nv26, Nv107, Nv118,
Nv200, Nv205, Nv229, Nv301, Nv303, Nv319, Nv320,
Nv322) (Beukeboom et al, 2010; Pannebakker et al.,
2010; Beukeboom, unpublished) that were amplified
using the Qiagen multiplex PCR kit according to manu-
facturer’s recommendations (PCR profile: 15 min at
94 °C, followed by 30 cycles of 30 s at 94 °C, 1.5 min
at T = 57 °C and 1 min at 72 °C, followed by 45 min
at 72 °C). The length of the amplified fragments was
determined using the Applied Biosystems 3730 DNA
Analyzer and analysed using GENE MAPPER v4.0
(Applied Biosystems, Carlsbad, CA, USA).

Statistical analysis

Statistical analysis of all data on photoperiodic diapause
induction was performed using the R statistical software
(R Development Core Team, 2012). The general tech-
nique for building up a statistical model followed the
standard model simplification procedure starting from
full model with all possible factors and interactions and
proceeding by removing nonsignificant explanatory fac-
tors. The fit of the models was assessed after comparing
the likelihood of different models with Chi-squared test.

Proportion of diapause production

To analyse the data on variation in lifetime proportion
of diapause, we used a generalized linear mixed effect
model (R package I/me4). The response variable is a
matched pair of counts of nondiapause broods and dia-
pause broods, which is interpreted as the proportion of
broods that were in diapause for each female. Location

© 2013 THE AUTHORS. J. EVOL. BIOL. 26 (20183) 705-718
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and treatment were included as fixed explanatory vari-
ables, the random effects were nested as follow: nest
box (from which each isofemale line was established)
nested within the location nested within LD treatment
using the binomial error distribution. The correlation
between latitude and proportion of diapause was analy-
sed with a series of mixed effect logistic regressions for
each treatment independently. In these models, latitude
was fitted as fixed continuous explanatory variable and
nest box nested in location as the random effect. The
error distribution is binomial and the link function is
logit. The validity of the model was assessed through
comparison between the model with latitude and the
null model with only random effect (likelihood ratio
test). The odds ratios are calculated from the coeffi-
cients estimated in the model.

Switch point for diapause induction

In the second analysis, we investigated the switch point
for diapause induction in different treatments for differ-
ent populations. Survival analysis was used to analyse
the time of switch as response variable. This is
expressed as the maternal age at the switch point
which corresponds to the number of LD cycles experi-
enced by the adult female before the switch would
occur. Data were analysed using Cox proportional haz-
ard mixed effects model (package coxme in R), and data
were censored for individuals that did not live long
enough to reach the switch point. In the first model,
location and treatment were the fixed effects, the ran-
dom effects were specified as above. The effect of lati-
tude on switch point within each treatment was
analysed separately to check for a correlation between
latitude and switch point. Hazard ratios were obtained
from these models as estimates of the difference in the
rate of switching to diapause for every unit of the pre-
dictor variable ‘latitude’ (one degree unit). A positive
value of the hazard ratio means that the risk of switch-
ing to diapause per unit of time increases for every
degree of latitude, which indicates that the chance of
inducing diapause is early in life (higher rate) at higher
latitudes and later in life at low latitudes. This in turn
results in a negative correlation between switch point
and latitude.

Survival analysis (Cox proportional hazard mixed
effects model) was also applied in a similar way to test
the effect of treatment and location on longevity of
wasps. In this case, there were no censored data as all
wasps eventually died. Correlation between latitude
and life span was also tested with the same type of sur-
vival analysis.

Critical photoperiod for diapause induction

For the estimation of the critical photoperiod of each
population, we focused mainly on 10-day-old females

JOURNAL OF EVOLUTIONARY BIOLOGY © 2013 EUROPEAN SOCIETY FOR EVOLUTIONARY BIOLOGY
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because this age point coincided with the largest varia-
tion in response between populations. A mixed effect
logistic regression model was fitted for specific age
points, considering diapause as a binary response vari-
able, treatment and location as fixed effect, and nest
box nested within location nested within treatment as
random effects. The critical photoperiod for each popu-
lation was established after fitting an incidence function
model (generalized linear model with binomial error)
based on diapause incidence as function of photoperiod
which yielded the photoperiod corresponding to 50%
of diapause response. The diapause incidence is defined
as the proportion of females of a given population pro-
ducing diapausing offspring at a certain age and under
specific condition.

The correlation between critical photoperiod and lati-
tude was determined with linear regression analysis (/m
in stats package in R) between estimated critical photo-
period and mean latitude of origin of each population.
Data on photoperiodic diapause induction in northern
lines subsequently added to the data set and data on
diapause response of lines maintained in the laboratory
for several generations were analysed using the same
types of statistical methods.

Population differentiation analysis

Population structure of N.vitripennis European popula-
tions was determined with the software Fstat (Goudet,
2001) from 11 microsatellite markers. Gene diversity
was estimated per locus and per population using an
unbiased estimate of genetic variability (gene diversity,
Nei, 1987) as implemented in Fstat. Single and multilo-
cus Fgp values were calculated according to Weir &
Cockerham (1984) and SE were obtained after jackknif-
ing over populations or loci. The same procedure was
used to obtain pairwise Fgr values.

Pairwise tests of differentiation were performed foll-
owing G-statistic and significant values are considered
at the nominal level of 0.05 after Bonferroni correction.
The pairwise Fgr values and the approximate geograph-
ical distance (km) between geographical locations were
used for the isolation by distance analysis performed
with a Mantel test for matrix correlation.

Results

Latitudinal cline for proportion of diapause
production

Diapause was induced in N. vitripennis larvae after
exposure of females from the maternal generation to
different LD regimes, confirming that photoperiod rep-
resents an important diapause-inducing factor. All
tested isofemale lines produced diapausing larvae under
at least one of the applied LD regimes. In general, the
overall production of diapausing broods was higher for

females exposed to short photoperiods and decreased
with longer photoperiods (Fig. 2; mixed effect logistic
regression model, effect of treatment: y* = 42.43,
P =4.29e-07). There was also a clear effect of geo-
graphical origin (mixed effect logistic regression model,
effect of location: y* = 142.22, P < 2.2e-16). In addi-
tion, for all LD regimes a positive correlation was found
between latitude and proportion of diapausing broods
(mixed effect logistic regression models, all P-values are
< 0.05, odds ratios are given in Fig. 2). This indicates a
latitudinal cline for photoperiodic diapause induction in
N. vitripennis. As the diapause production was measured
under the same experimental conditions, the observed
variation in response reflects genetic differences in sen-
sitivity to specific photoperiods between different popu-
lations.

Latitudinal cline for switch point (photoperiodic
counter)

Adult N. vitripennis females exposed to experimental LD
regimes initially produced normal developing offspring
and switched to the production of diapausing offspring
later in life. For each female, the switch is pronounced
and rapid; broods containing a mixture of diapausing
larvae and nondiapausing larvae are rare and occur
only for one or 2 days around the switch.

Eighty-five per cent of all tested females lived long
enough to pass the switch point. For COR, the most
southern population, 69 of 200 females did not switch,
when exposed to long photoperiods and also showed
the shortest life span. The required day number for the
switch was dependent on the applied LD regime
(Fig. 3) and the geographical location of the population.
For all populations, adult females under short photope-
riods switched to the production of diapause broods
earlier compared with long photoperiods. In addition,
for each regime, individuals from southern latitudes
switched later than those from northern latitudes, indi-
cating a correlation between latitude and switch point.
The effect of latitude was more pronounced at interme-
diate photoperiods (LD 14 : 10 and LD 15 : 9) corre-
sponding to the largest variation in switch point across
locations. This is reflected by a significant effect of the
interaction between location and treatment (survival
analysis, Cox mixed effects model, effect of treat-
ment x latitude: y*> = 77.03, P = 0.0007). This correla-
tion between latitude and switch point was supported
by a nonparametric survival analysis, using a series of
Cox models for each treatment separately. In all treat-
ments, latitude and switch point were negatively corre-
lated (survival analysis, Cox mixed effects models, all
P values < 0.05, hazard ratios are given in Fig. 3)
meaning that southern individuals switch later in life
compared with northern individuals.

To investigate whether the observed cline in switch
point is caused by latitudinal differences in female life
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span, we measured adult longevity at 20 °C. There was
no effect of LD treatment (survival analysis, Cox mixed
effects model, effect of treatment: y* = 5.37, P = 0.61)
meaning that photoperiod itself does not affect life span
in N. vitripennis. Considerable variation, however, was
found between individuals from different locations
(Fig. 4): mean adult longevity ranged from 26.3 (COR)
to 36.2 (LAT) days and there was a significant effect of
location (survival analysis, Cox mixed effects model,
effect of location: y* = 36.526, P = 2.18e-06). Although
populations differed in their mean life span, there was
no correlation between longevity and latitude (survival
analysis, Cox mixed regression model, effect of latitude:

2'=0.99, P=0.32) indicating that the observed differ-
ences between locations are not due to the latitudinal
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cline. These results imply that the observed variation in
switch point is not affected by variation in longevity.

Latitudinal cline for critical photoperiod
(photoperiodic timer)

The effect of photoperiod on diapause induction for
10-day-old females was chosen for comparison of critical
photoperiod as this time point showed the largest varia-
tion in response between locations. For the construction
of photoperiodic response curves (Fig. 5), the incidence
of diapause is defined as the percentage of individuals in
a given population that switched to the production of
diapausing larvae under a certain condition. In line with
the results shown in the first section, geographical origin
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Fig. 4 Life span of females from the seven locations (mean + SE).
Data from different LD treatments are pooled (there is no
significant effect of treatment), which increased the sample size

in each location to 160-208 individuals per location. Letters
indicate significant differences (post hoc multiple comparison for
survival analysis, P < 0.05).

and LD regimes had an effect on diapause induction
(mixed effect logistic regression model, effect of location:
1> = 140.06, P < 2.2e-16; effect of treatment: 3> = 42.81,
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OuL

0.4 06 08
I

Proportion females producing diapause offspring
0.2
|

0.0
I

8:16 10:14 12:12 13:11 14:10 15:9
Photoperiod (LD cycle)

16:8 18:6

Fig. 5 Photoperiodic response curves for diapause induction in
10-day-old Nasonia vitripennis females from seven geographical
locations. The sample size is 21-26 individuals in each location
and treatment.

P = 3.64e-07). Overall, diapause induction was high in
populations from northern locations and decreased in
more southern populations.
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The photoperiodic response curves for the different
populations have similar shapes reflecting high dia-
pause incidence at short photoperiods, low incidence at
long photoperiods and an abrupt change at intermedi-
ate photoperiods (in the range between LD 13 : 11 and
16 : 8). The response curve for the three most southern
populations for LD 10 : 14 deviates from the expected
trend and showed an unexpected low diapause
response. We explain this as an experimental incubator
effect, in which deviant temperature and/or humidity
delayed diapause in the three most southern popula-
tions. As these populations generally have weaker
response compared with northern populations their
switch point may be more sensitive to small changes in
environmental conditions.

The critical photoperiod was estimated for each popu-
lation after fitting an incidence function model based
on diapause incidence as function of photoperiod,
excluding the LD 10 : 14 in all populations to obtain a
better fit of the model. As not all populations reached
100% of diapause incidence under the experimental
conditions at the chosen age point, the critical photope-
riod was defined as the photoperiod at which diapause
occurred in 50% of the females that produced diapaus-
ing offspring. The estimated critical photoperiods ranged
from 10.5 (COR) to 18.0 h (TUR) and showed positive
correlation with the mean latitude of population origin.
This reflects a clear latitudinal cline for critical photope-
riod inducing diapause in N. vitripennis (Fig. 6).

To confirm the conclusions for 10-day-old females,
the critical photoperiod in each population was estimated
using data from day 16. Figure 6 shows the linear
regressions between latitude and estimated critical pho-
toperiod using data from 10-day-old (linear regression:
F=18.8, P=0.007, estimated slope: 0.286 + 0.066,
adjusted R?=0.75) and 16-day-old females (linear
regression: F = 12.49, P = 0.016, estimated slope: 0.25 £+
0.069, adjusted R? = 0.66). The diapause incidence for
16-day-old females reached 100% in all populations in
short photoperiods and estimated critical photoperiods
are longer for all populations. However, the same pattern
as for 10-day-old females is evident, the critical photope-
riod increases to the north.

The estimation of critical photoperiod for the TUR
population was more complicated due to the high inci-
dence of diapause in this population also at very long
photoperiods (LD treatment 18 : 6). In this regard, the
TUR population deviates substantially from the latitudi-
nal cline showing a critical photoperiod longer than the
OUL population.

Additional data on ‘high diapause’ northern lines

A number of isofemale lines from the most northern
locations (OUL, TUR) could not be tested in the
first experiment because they immediately produced
diapausing larvae after collection. After emergence from
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Fig. 6 Linear regressions between estimated critical photoperiod
(+SE) and latitudinal origin of populations for 10- and 16-day-
old females (sample size is 21-26 individuals in each location).
The difference between the regression lines for 10-day-old
females is due to the inclusion or exclusion of high diapause lines
from the two northern populations (see text for details). When
the high diapause lines are included the sample size for TUR is
27 and for OUL is 44 individuals. The seven locations are spaced
along the x-axis according to the mean latitude (degrees) of
origin.

diapause, females were exposed to five LD regimes for
the first 20 days of their adult life. All surviving females
in all treatments reached the switch point for diapause
induction before day 20, most of them switched before
day 10, indicating a very fast diapause response typical
of northern populations. The switch point was not sig-
nificantly different for the individuals from the two
locations (survival analysis, Cox mixed effects model,
effect of location: y* = 1.00, P = 0.314). The LD regime
had a significant effect (survival analysis, Cox mixed
effects model, effect of location: 7> = 13.06, P = 0.008):
the switch occurred later under longer photoperiods in
accordance with the data for these populations from
the previous experiment.

We estimated a new critical photoperiod for the most
northern populations, combining data from 10 day-old-
females from the first and the second experiment and
re-calculated the linear regression between latitude and
critical photoperiod to test for a latitudinal cline in criti-
cal photoperiod (linear regression: F = 26.14, P = 0.004,
estimated slope: 0.314 + 0.061, adjusted R’ = 0.81)
(Fig. 6). In the new data set, the estimated critical pho-
toperiod of the OUL population was 16.9 h, about
0.9 h (54 min) longer than the critical photoperiod esti-
mated with the first data set. This indicates that the
OUL lines used in the first experiment likely constituted
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a biased sample because the lines with highest propor-
tion of diapausing offspring and long critical photoperi-
ods were not yet included. The new estimated critical
photoperiod for the TUR population did not differ from
the one estimated using the first dataset and it was
quite long, again consistent with a very northern type
of diapause response.

Effect of laboratory culture on photoperiodic
diapause induction

The photoperiodic response after maintenance in the
lab for 5-6 generations and for 13-14 generations after
field collection was compared to the initial response.
After 13-14 generations of lab maintenance still a clear
difference between locations was observed as well as
the effect of treatment (mixed effect logistic regression
model for data of 10-day-old females, effect of location:
> =115.66, P<22e-16; effect of treatment: »*=
30.85, P < 3.29¢-06) (Fig. 7). The northern population
(OUL) showed high diapause incidence and long critical
photoperiod, the southern location (COR) low diapause
incidence and very short critical photoperiod. The
response of the HAM population was intermediate. The
persistent variation in diapause shows that photoperi-
odic response was not affected by lab culturing (at least
for 13-14 generations) (mixed effect logistic regression
model for data of 10-day-old females, effect of lab
maintenance: y? = 3.65, P=0.16) and confirms that
the variation is based on genetic differences.

Population structure and differentiation

The eleven microsatellites used for the population
genetic analysis showed substantial polymorphism,
allele numbers ranging from 10 (Nv303) to 27 (Nv319)
(Table 2). Single-locus Fgr values (Weir & Cockerham,
1984) ranged from 0.025 (Nv205) to 0.152 (Nv322)

with an average Fsr over all loci of 0.069 (95% confi-
dence intervals: 0.049, 0.098 after bootstrapping over
loci) (Table 2). Pairwise comparisons of Fgp values
between locations revealed an appreciable level of
genetic differentiation between populations (Table 3).
The extreme southern and northern populations (COR,
OUL) and the population from Latvia (LAT) are signifi-
cantly different from all other populations, except for
the comparison SWI-OUL.

The isolation by distance analysis (Mantel test for
matrix correlation) showed a slightly significant correla-
tion between pairwise Fsr and geographical distance
(R =0.153, P =0.035), that is mainly caused by the
two extreme populations COR and OUL. When exclud-
ing either the COR or the OUL population, the correla-
tion is not significant (data without COR: R? = 0.01,
P = 0.36, data without OUL: R = 0.08, P = 0.18).

Discussion

This study shows a latitudinal cline in three aspects of
maternal photoperiodic diapause induction for field
lines of N. vitripennis: the proportion of diapausing off-
spring, the switch point (photoperiodic counter) and
the critical photoperiod (an expression of the photope-
riodic timer). The observed variation indicates that pho-
toperiod is an important environmental factor for
diapause induction. The fact that the populations from
different latitudes responded differently to the applied
LD regimes indicates an important genetic component
for diapause induction. Therefore, we conclude that
maternal diapause induction in N. vitripennis is an evo-
lutionary adaptive response to a periodically fluctuating
environment for which photoperiod is one of the key
cues.

In our study, we found a positive correlation
between latitude and proportion of diapausing indivi-
duals. The observed pattern is likely due to differential
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Fig. 7 Effect of laboratory culture on photoperiodic diapause induction in three populations (COR, HAM, OUL). Photoperiodic response

curves are constructed with data from 10-day-old females which were selected from lines maintained in the laboratory for 1-2 generations
after field collection (a), 5-6 generations (b) and 13-14 generations (c). The sample size is 10-16 individuals in each location and

treatment.
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Table 2 Population genetic data of the seven sampling locations. Shown are the number of alleles sampled, the expected heterozygosity
(Hy; gene diversity) and single-locus Fsr values for each of 11 microsatellite markers. The bottom line averages values over all markers.
Standard errors (SE) were obtained after jackknifing over populations or loci. #» = sample size (individuals genotyped).

Hr COR Hr SWI Hr SCH Hr HAM Hr LAT Hr TUR Hr OUL
Marker No. alleles (n=18) (n=18) (n=15) (n=17) (n =20) (h=22) (n = 26) Fst + SE
Nv26 18 0.455 0.885 0.783 0.888 0.833 0.918 0.779 0.093 + 0.052
Nv107 23 0.894 0.91 0.896 0.89 0.936 0.916 0.743 0.041 + 0.026
Nv118 16 0.898 0.905 0.814 0.852 0.917 0.857 0.797 0.062 + 0.017
Nv200 18 0.858 0.89 0.86 0.912 0.882 0.923 0.696 0.061 + 0.035
Nv205 22 0.946 0.902 0.913 0.933 0.872 0.913 0.792 0.025 + 0.021
Nv229 25 0.857 0.909 0.807 0.91 0.896 0.945 0.825 0.072 + 0.024
Nv301 19 0.936 0.932 0.859 0.841 0.79 0.94 0.74 0.059 + 0.028
Nv303 10 0.625 0.773 0.58 0.5 0.561 0.687 0.742 0.113 £ 0.055
Nv319 27 0.833 0.905 0.792 0.917 0.898 0.945 0.869 0.076 + 0.019
Nv320 19 0.9 0.897 0.868 0.877 0.837 0.832 0.887 0.029 + 0.009
Nv322 12 0.512 0.801 0.814 0.728 0.721 0.818 0.688 0.152 + 0.079
Average 19 0.792 0.883 0.817 0.841 0.831 0.881 0.778 0.069 + 0.011
over loci
Table 3 Pairwise Fg values between
European populations for all loci combined. COR SwWi SCH HAM LAT TUR OuL
COR - 0.0821* 0.1022* 0.1074* 0.1089* 0.089* 0.1541*
SWI 0.0135 0.0141 0.0369* 0.0093 0.0438
SCH - 0.0339 0.0873* 0.0416 0.0889*
HAM - 0.0665* 0.0389* 0.0645*
LAT - 0.0388* 0.0856*
TUR - 0.0743*
OuL -

*Significant values at the nominal level of 5% after Bonferroni correction following
G-statistics (as implemented in Fstat).

adaptation to local environments as a result of natural
selection. In northern regions, winters are characterized
by severe climatic conditions that do not allow normal
development and reproduction, while in southern
regions winters are mild and might allow survival with-
out diapause. Thus, selection for diapause response in
the North is expected to be stronger than in the South
resulting in a higher proportion of diapausing individu-
als. A similar latitudinal cline has been previously
described in other species (Schmidt ef al., 2005; Scharf
et al., 2010; Leisnham ef al, 2011). For example, in
D. melanogaster, the incidence of adult diapause was
positively correlated with latitude in populations in
Eastern North America (Schmidt et al., 2005).

We also found a positive correlation between latitude
and critical photoperiod. Together with the results of
latitudinal variation in the proportion of diapausing
individuals discussed above, this cline in critical photo-
period provides strong indications for adaptive evolu-
tion of diapause in N. vitripennis and stresses the
importance of photoperiod as the main cue for
approaching seasonal change. As northern winters
arrive earlier in the year compared with southern ones,
populations at high latitudes have to be able to respond
swifter to longer photoperiod than southern ones for a
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timely induction of diapause. The same type of cline
was observed for natural populations of the pitcher
plant mosquito Wyeomyia smithii, tor which critical pho-
toperiod also varied along a latitudinal gradient in
North America (Bradshaw & Lounibos, 1977). Similar
results were obtained in species with diapause at differ-
ent developmental stages like Drosophila montana which
possesses an adult reproductive diapause (Tyukmaeva
et al, 2011) and the butterfly Sericinus montelus which
has a pupal diapause (Wang et al., 2011). The estimated
critical photoperiod could be used as an indication for
the time of the year during which populations start
producing diapause offspring. In our case, the long criti-
cal photoperiod estimated for OUL occurs approxi-
mately on August 11th, whereas the short critical
photoperiod of COR corresponds to October 24th. This
reflects a difference in timing of diapause induction
according to local seasonality. However, different envi-
ronmental factors play a role in diapause response in
nature and may modify the date at which it is benefi-
cial to start producing diapause otfspring.

A central aspect of photoperiodic diapause response
in N. vitripennis is the switch point, measured as the
maternal age at which the adult female switches to the
production of diapausing offspring. The switch point
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corresponds to the number of inductive LD cycles accu-
mulated during the sensitive stage necessary for induc-
ing the diapause response and it varies according to
latitude and photoperiod. The early switch of northern
populations in short photoperiods might represent an
evolutionary adaptation to the very rapid seasonal
change characteristic of high latitudes. Individuals in
these environments respond fast enough to photoperi-
odic change to be able to produce diapausing offspring
that will survive winter conditions. Accordingly, south-
ern females inhabit environments characterized by a
gradual seasonal change and have a late switch point
which allows the production of normal developing off-
spring during the major part of adult life. As the envi-
ronmental conditions are generally favourable for a
long period, the chance that the offspring will survive
and reproduce within the same season is high. Field
experiments on induction of diapause could provide
information on the voltinism of N. vitripennis in differ-
ent localities, necessary for understanding the impor-
tance of latitudinal variation in switch point.

Photoperiodic diapause response in N. vitripennis is a
threshold trait whose phenotypic expression is discon-
tinuous and the two phenotypic classes can easily be
recognized: in every oviposition event, diapausing and
nondiapausing broods can be clearly distinguished and
mixed broods are rare, indicating a fast physiological
change. The adult female is sensitive to photoperiodic
cycles and accumulates the stimuli every day until a
specific threshold level is reached and the physiological
cascade that leads to the diapause response is activated.
The threshold level that activates diapause response
depends on the type of stimuli and on the origin of the
line. We could rule out an effect of senescence on vari-
ation in switch point, as described by Reznik et al.
(2002) and Yang et al. (2007), by showing that life span
does not vary under different photoperiodic conditions.
In addition, the switch to diapause induction represents
the manner in which day length expresses its effect on
diapause production. Nonetheless, the strong effect of
photoperiod could mask a possible effect of ageing
which (if present) could be investigated under constant
light in populations from different latitudes.

The described variation in switch point indicates that
in Nasonia, clinal adaptation applies to a cue perceived
during the sensitive stage (the mother) that is being
effectuated in the next generation. In evolutionary
terms, natural selection operates on the threshold num-
ber of photoperiodic cycles required to elicit the dia-
pause response and generates the observed latitudinal
clines as a consequence of the environmental cycles
and photoperiods that characterize each latitude.

Our results are consistent with those of Saunders
who identified photoperiod as the main diapause-
inducing factor in laboratory lines of Nasonia (Saunders,
1966). In his pioneering studies, Saunders also observed
a difference in diapause response in two lab strains

originated from two geographical locations. However,
his studies on diapause induction in N. vitripennis did
not consider natural variation in diapause response.
Therefore, our work complements the studies of Saun-
ders by demonstrating for the first time the importance
of adaptive photoperiodic response in diapause induc-
tion in N. vitripennis in nature. We further showed that
natural selection generates the clinal variation through
its action on the threshold level of LD cycles required
for diapause induction. Following the proposal of Saun-
ders (2002) to divide photoperiodism into two compo-
nents, timer and counter, we observed that both
components show a latitudinal cline by themselves and
are correlated. Interestingly, the relationship between
timer and counter was consistent over the different lati-
tudes indicating that the photoperiodic machinery
becomes increasingly sensitive to short days (or long
nights) towards high latitudes. Short photoperiods,
measured by the counter, trigger an earlier switch point
in northern populations compared with southern ones.
This shows the interrelationship of the timer-counter
system and may indicate an overlapping genetic archi-
tecture, perhaps involving the circadian clock genes.

Interestingly, we neither found a line completely
lacking the ability to undergo diapause nor one that
entered into obligate diapause at every generation
regardless of environmental conditions. This observa-
tion confirms that the difference in diapause response
between the lines is based on variation in sensitivity to
photoperiod, and not a developmentally fixed pattern
to undergo diapause per se. However, it cannot be
excluded that strains exist which do not possess a
photoperiodic diapause, for example, at latitudes lower
than our southernmost location where photoperiod
may not represent a good cue for seasonal change.
Moreover, some strains with obligate diapause could be
present at very high latitudes outside the studied range,
where extremely short summers and rapid seasonal
change do not allow more than one generation per
year. During our fieldwork, we were able to collect a
single individual in a location in a very northern latitude
(Finland, Kilpisjarvi, 69°2'39.44"N, 20°48'11.88"E). This
female was used to establish an isofemale line but only
produced diapausing larvae and could not be included in
our experiments. This shows that N. vitripennis has
extended its geographical range to extreme latitudes
making it a cosmopolitan species which has adapted to
many different climatic conditions. N. vitripennis repre-
sents therefore a powerful model to investigate the
genetic basis of variation in diapause and other adaptive
traits.

Population differentiation analysis using pairwise Fgt
comparisons based on microsatellite markers showed
an appreciable level of genetic differentiation between
some of the tested populations. Previous studies indi-
cated that gene flow between N. vitripennis populations
in North America is high within a range of about
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100 km and limited between populations that are sep-
arated by 300 km or larger distances, particularly if
large bodies of water or mountain ranges are present
between the locations (Grillenberger et al., 2009). In
our study, the Fgr values measured between distant
locations are similar to the ones previously reported
for North American populations confirming that gene
flow is restricted. Studies in other insect species dem-
onstrated that local adaptation can lead to clinal varia-
tion in different phenotypic traits despite a high level
of gene flow measured with neutral genetic markers
(Demont et al., 2008; Sarup et al, 2009; Tyukmaeva
et al, 2011). Comparisons of populations at similar
geographical distances show that our measured Fgr
values are generally larger than those of the dung fly
Scatophaga stercoraria and the northern malt fly D. mon-
tana. For example, the Fsr value for yellow dung fly
populations from Finland and Germany (about
1500 km) was 0.011 (Demont et al., 2008), whereas
the value for our OUL and HAM populations, at simi-
lar distance, was 0.064. Similarly, Fsr values between
populations of D. montana in Finland were negligible
in all pairwise comparisons, including the most south-
ern and northern populations (845 km) that have Fgsr
value of 0.006 (Tyukmaeva et al, 2011), whereas in
our case the Fgpy value between TUR and OUL
(450 km) was 0.07. The difference between flies and
Nasonia is likely caused by the subdivided population
structure of Nasonia due to a patchy distribution of its
host (Grillenberger et al., 2008) and the inability of the
flightless males to disperse.

The measured genetic differentiation does not corre-
late entirely with the latitudinal cline for diapause
response and the overall isolation by distance effect was
mainly due to the two most distant populations. Hence,
the observed geographical variation in diapause appears
to be in a selection — migration balance rather than due
to neutral processes (e.g. genetic drift) (Leinonen et al.,
2008). When more information is available about the
genetic basis of diapause in N. vitripennis, population
genomic studies may reveal signatures of selection in
the genes involved. The reported natural variation in
photoperiodic diapause combined with the genomic
tools available for this species offers an excellent oppor-
tunity to investigate the genetic basis of diapause and
its adaptive variation.

In conclusion, the present work represents the first
study on variation of photoperiodic diapause induction
in N. vitripennis in relation to natural seasonal cycles in
different geographical locations and provides indications
for adaptive evolution of this trait. The importance of
the switch point for diapause induction in the establish-
ment of the latitudinal cline indicates that future stud-
ies aiming to identify the genetic basis of diapause
variation should focus on the sensitive maternal stage,
on the perception of photoperiodic cues and on pro-
cessing of the information derived from these cues.

© 2013 THE AUTHORS. J. EVOL. BIOL. 26 (20183) 705-718
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