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ABSTRACT Six populations of Wyeomyia smithii from 30-49°N latitude maintain sig-
nificant heritability for and consistently positive genetic correlations among three compo-
nents of photoperiodically mediated larval diapause: (1) critical photoperiod, (2) required
day number, and (3) depth of diapause. These traits then form genetically coordinated
syndrome of traits that reinforce each other in a continuum from diapause-prone to
diapause-resistant genotypes. We propose that this syndrome maintains genetic flexibility
in a habitat that imposes fluctuating stabilizing selection on diapause.
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DIAPAUSE IS A PERVASIVE developmental condi-
tion that enables many arthropods to escape un-
favorable conditions. At temperate latitudes, the
onset of diapause is mediated by photoperiod in
a wide variety of insects (Beck 1980, Danks 1987,
Tauber et al. 1986) as now documented in hun-
dreds of species. Historically, diapause has been
considered from an ecological and physiological
viewpoint; evolutionary adaptive significance
has been inferred largely from phenotypic corre-
lations within and between populations (Andre-
wartha 1952, Lees 1955, Danilevskii 1965,
Saunders 1982). Evolutionary inference must,
however, be based on heritable and not just phe-
notypic variation and covariation of traits
(Reznick 1985, Partridge & Harvey 1985, Bell &
Koufopanou 1986). Genetic studies “have gener-
ally emphasized only one or two traits, that is,
the geographically variable critical photoperiod
for diapause induction and the duration of dia-
pause” (Tauber et al. 1986, 208-209). The op-
portunities for and immediate constraints to
adaptation are not necessarily reflected by inter-
population variation but must be resolved at the
level of genetic variation and covariation within
populations. Diapause is a complex develop-
mental and physiological state with diverse com-
ponents. In temperate milkweed bugs, for exam-
ple, diapause is integrated into a genetically
cohesive but flexible diapause-migration flight
syndrome (Dingle 1978, Hegmann & Dingle
1982). In Aedes triseriatus (Say) direct selection
for shorter critical photoperiod for embryonic
diapause elicits a correlated decline in embry-
onic diapause at higher temperatures, an in-
crease in the critical photoperiod mediating lar-
val diapause, and an increase in the sensitivity of

1 Current address: Albany Medical College, 47 New Scot-
land Avenue, Albany, N.Y. 12208.

larval diapause to embryonic photoperiod (Sims
1985). In this article, genetic variation and co-
variation of some components of larval diapause
in another mosquito, Wyeomyia smithii (Coquil-
lett) are examined.

Wyeomyia smithii oviposits into and com-
pletes its preadult development only within the
water-filled leaves of the purple pitcher plant,

Sarracenia purpurea L. The range of W. smithii - :

follows that of its host plant from the Gulf of
Mexico to north-central Canada from Labrador to
Saskatchewan (30-54° N). W. smithii overwin-
ters in a larval diapause that is induced and
maintained by short days and averted or termi-
nated by long days; diapause is photoreversible
by long days at any time up to and including the
diapause stage itself (Smith & Brust 1971, Brad-
shaw & Lounibos 1972, Evans & Brust 1972,
Lounibos & Bradshaw 1975). Southern popula-
tions at low elevations below 36° N latitude enter
diapause in the fourth instar; northern popula-
tions at higher latitudes, altitudes, or both, enter
diapause in the third instar. The critical photo-
period for the onset and maintenance of diapause
increases linearly with latitude or altitude,
regardless of the diapause instar (Bradshaw
1976). The depth of diapause, however, in-
creases with latitude in a saw-tooth pattern with
a rapid decrease in depth of diapause at the lat-
itudinal transition from fourth to third instar
diapause (Bradshaw & Lounibos 1977). Herein
we consider genetic variation and covariation of
critical photoperiod (CPP) (number of hours of
light per day experienced from day of hatch that
results in 50% development [and 50% dia-
pause]), depth of diapause (DOD) (number of
long days experienced by diapausing larvae that
results in 50% resumed development when sub-
sequently followed by short days), and the re-
quired day number (not previously determined
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in W. smithii) (RDN) (number of long days expe-
rienced from day of hatch that results in 50%
development when subsequently followed by
short days).

We address the central question of whether
the genetic covariation of these traits within pop-
ulations produces a reinforcing or compensating
diapause syndrome. If the traits are all positively
genetically correlated, then they are reinforcing.
Diapause-prone individuals would enter dia-
pause at longer photoperiods, require more long
days to avert diapause, and enter a deeper dia-
pause than diapause resistant individuals. By
contrast, if the traits are both positively and neg-
atively correlated, then they are compensating.
For example, an increased tendency to enter
diapause acquired by genes promoting entry into
diapause at longer photoperiods would be offset
by genes requiring fewer long days to avert dia-
pause, sustaining a shallower diapause, or both.
To determine whether patterns of reinforcement,
compensation, or both, persist throughout the
range of W. smithii, we consider three southern
(30-35° N latitude) and three northern (42-49°N
latitude) populations.

Approach and Rationale

If one applies direct selection on one trait and
obtains a correlated response in a second trait,
then the heritabilities of both traits as well as the
genetic correlation between them must be non-
zero (Falconer 1981, 286). Our basic approach
was to impose divergent selection for increased
or decreased CPP and RDN, and, from the direct
and correlated response of CPP, RDN, and
DOD, to identify significant heritabilities of and
genetic correlations among these traits. Initially,
we determined the CPP, RDN, and DOD in the
base population. We imposed selection for an
increase or decrease in CPP or RDN and as-
sessed response to selection by exposing the se-
lected lines and the unselected controls to CPP,
RDN, and DOD of the base population. As illus-
trated in Fig. 1, a significantly higher percentage
of diapause in a selected than in a control line
indicated an increase in the trait being assessed.
A significantly lower percentage indicated a de-
crease in the trait being assessed. We interpreted
a decrease in CPP, RDN, or DOD to reflect a
decreased tendency to diapause, and, con-
versely, for an increase in these traits. If direct
selection for a decrease in one trait elicited a
correlated decrease in the other traits, this re-
sponse was interpreted as reinforcing; if direct
selection for a decrease in one trait elicited an
increase in one or both of the other traits, this
response was interpreted as compensating. Be-
cause of differences in the intensity of selection
within and among populations, we were unable
to make quantitative estimates of the heritabili-
ties and genetic correlations. We interpreted any
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Fig.1. Response to selection and its interpretation.
Diapause in the base population is designated by a
solid circle and in the selected lines by a solid triangle
for a decrease (V) or increase (A) in the trait being
assessed. If selected and control lines are exposed to
conditions eliciting a 50% diapause in the base popu-
lation, then a decrease in the trait will result in a lower
incidence of diapause and an increase in the trait will
result in a higher incidence of diapause in comparison
to the control.

significant differences in direct response be-
tween selected lines or between selected and
control lines to indicate a significant, nonzero
heritability. Likewise, we interpreted any signif-
icant correlated response to indicate a signifi-
cant, nonzero heritability of both the selected
and correlated traits and a significant, nonzero

-genetic correlation between them with the sign

of the genetic correlation determined from the
sign of the correlated response.

Materials and Methods

Collection and Maintenance. Stock popula-
tions of W. smithii were collected as overwinter-
ing larvae in March and June 1988, along a lati-
tudinal gradient from 30 to 49° N latitude (Table
1). Larvae were maintained in the laboratory
for at least three generations before the start of
the experiments. All experiments were run at
in walk-in controlled temperature rooms at
21%0.5°C. Short photoperiods (8:16 [L:D] h)
were used to initiate and maintain diapause and
long photoperiods (17:7 [L:D]) to avert or termi-
nate diapause. Intermediate photoperiods were
provided in light-sealed cabinets within the con-
trolled temperature rooms. All transfers between
cabinets, rooms, or both, were made during the
common photophase. Larvae were raised accord-
ing to standard techniques we have used during
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Table 1.
starting population sizes for each of the selected lines
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Localities of origin (designated as in Bradshaw & Holzapfel [1989)) of W. smithii used in this study and

. State or C °N W Starting population
Population province ounty Latitude Longitude® CPP and RDN Control
WI Fla. Liberty 30 85 1,000 200
CR2 Fla. Okaloosa 31 87 595 100
GS N.C. Brunswick 34 78 350 100
FV Mass. Middlesex 43 72 1,000 200
KC Maine Aroostook 46 68 1,000 200
DL Ontario Kenora 49 M4 820 150

2 All localities lie below 400 m elevation.
b CR is 190 km WNW of WL

the past 20 y to provide low density and high
food without overfeeding. Twenty to 25 larvae
were reared per plastic petri dish (150 by 25
mm), half filled (80 ml) with distilled water and
fed an emulsion of ground, sifted, guinea pig
chow, and freeze-dried brine shrimp (3:1 by vol)
three times weekly and cleaned as needed. Pu-
pae were collected three times weekly and trans-
ferred to plastic dessert dishes one-quarter filled
(40 ml) with distilled water and placed in either
cylindrical cages (200 by 150 mm [height by di-
ameter]) or rectangular cages (500 [high] by 250
[wide] by 400 mm [long]) and raised to adults in
a controlled environment room imposing a daily
sine-wave thermoperiod from 12 to 28°C (mean,
21°C), 80% RH, and a long-day photoperiod of
17:7 [L:D]. Adults were allowed access to
pesticide-free raisins and to a 70-ml glass dish
half filled with distilled water and either a whole
leaf or leaf fragments from their pitcherplant
host. The bottom of the cages were lined with
filter paper and kept moist with distilled water.

Determination of Traits in the Base Popula-
tion. CPP for the initiation of diapause was de-
termined (as in Bradshaw & Lounibos 1972) by
exposing larvae (starting at day of hatch) to a
range of photoperiods in 0.5-h increments. Per-
cent diapause as a function of hours of light per
day experienced by larval cohorts was plotted
after 60 d. CPP was estimated by taking the 50%
intercept, usually interpolated, directly from this
plot.

Required day number was determined by ex-
posing adults, eggs, and larvae to a varying num-
ber of long days (17:7) then switching larvae to
short days (8:16). Larvae were observed for 60 d
from day of hatch. Percent diapause was plotted
as a function of the number of long days (since
day of hatch) experienced by larval cohorts. RDN
was estimated by taking the 50% intercept, usu-
ally interpolated, directly from this plot.

Depth of diapause was determined (as Tsq in
Bradshaw & Lounibos 1977) by placing and
maintaining larvae on short days from day of
hatch until they reached their diapausing instar,
at which time they were switched to long days
and received a predetermined number of long
days before being returned to short days. Larvae

were observed for 40 d after initial switch to long
day and percent diapause was plotted as a func-
tion of the number of long days experienced by
larval cohorts. DOD was estimated by taking the
50% intercept, usually interpolated, directly
from this plot.

Divergent Selection. We sought to impose as
strong a selection differential as possible and still
maintain a population of 50 or more adults after
selection. We started with 350-1,000 individuals
in each selected line (Table 1) and, from the
determination of parameters in the base popula-
tion, imposed a selection differential that was
calculated to produce 50-100 selected adults
each generation. If the number of selected adults
fell below 50, we relaxed (but never reversed)
selection by 15 min (CPP) or 1 d (DOD, RDN) in
the next generation. If the number of selected
adults fell between 50 and 100, selection was
maintained at the same level in the next gener-
ation. If the number of selected adults exceeded
100, selection was increased by 15 min (CPP) or
1 d (DOD, RDN) in the next generation.

Selection for decreased values of traits re-
sulted in direct development and a rapid turn-
over of generations. Selection for increased val-
ues resulted in diapause. Because we waited for
40-60 d of nondevelopment to score an individ-
ual as diapausing, selection for increased values
required twice the generation time as selection
for increased values. Consequently, we imposed
decreasing selection for four generations and in-
creasing selection for two generations.

For each population, we maintained a control
line of 100-200 individuals that developed con-
tinuously on long days without diapause for four
generations.

To select for a shorter CPP, larvae were ex-
posed to a photoperiod that would induce =70%
diapause (as determined above). Pupae were col-
lected and raised to adults; any larvae remaining
after 60 d were discarded. To select for a longer
CPP, larvae were exposed to a photoperiodic
condition that would induce =30% diapause.
Collected pupae were discarded. Larvae remain-
ing after 60 d were placed on long days (17:7) to
induce development.
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To select for low RDN, larvae were exposed to
a number of long-day cycles (17:7) that would
induce =70% diapause. Pupae were collected
and raised to adults; any larvae remaining after
60 d were discarded. To select for high RDN,
larvae were given (from day of hatch) a number
of long-day cycles that would induce ~30% dia-
pause. Pupae were discarded. Larvae remaining
after 60 d were placed on long days to induce
pupation.

Response to Selection. The determination of
any genetic correlation between the three pho-
toperiodic traits studied was carried out using
the selected lines from the above experiments.
These experiments yielded five lines from each
population: a control (unselected) line, lines se-
lected for increased and decreased CPP, and
lines selected for increased and decreased RDN.
To determine response to selection, subsamples
of each of these lines were exposed to the con-
ditions that maintained 50% diapause in the base
population for the CPP, RDN, and DOD. A sig-
nificant difference between the selected lines or
between a selected and the control line would
then reflect a significant heritability for CPP or
RDN or a significant genetic correlation between
CPP or RDN and RDN, CPP, or DOD (Fig. 1).
Significance was assessed using a nonparametric
G test for independence of development (num-
ber pupated, not pupated) between lines (in-
crease, decrease, and control) (Sokal & Rohlf
1969).

Through the process of trying to maximize se-
lection each generation, several lines were lost
or fell to low numbers. The results are based on
those lines that survived in sufficient numbers to
provide a minimum sample size of 50. Sample
sizes in Fig. 2 ranged from 50 to 286.

Voucher specimens were not retained at the
end of the experiments.

Results

The direct and correlated responses to selec-
tion on CPP (Fig. 2 A~C) are straightforward. All
direct responses (Fig. 2A), significant and non-
significant, are in the direction of selection. In
the one population where selected lines de-
clined to low numbers (GS), there was still a
significant correlated response in DOD (Fig. 2C)
so that the heritability of CPP is significantly
nonzero in all populations.

There was a significant correlated response in
RDN to directional selection on CPP in all five
populations with adequate numbers (Fig. 2B).
Selection for decreasing (increasing) CPP re-
sulted consistently in a decreasing (increasing)
RDN, including both significant and nonsignifi-
cant values. This pattern of correlated response

indicates a 51gn1ﬁcant heritability of RDN and a

nonzero, posmve genetic correlation between
CPP and RDN in five of the six populations.
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There was a significant correlated response in
DOD in three of the six populations but not in
the other three (Fig. 2C). Similarly to RDN, the
pattern of correlated response in DOD indicates
a significant heritability of DOD and also a non-
zero, positive genetic correlation between CPP
and DOD.

The direct responses to selection on RDN are
not as straightforward (Fig. 2E). The three sig-
nificant responses for a decreasing RDN are all
in the direction expected. The two significant
responses for an increasing RDN are both oppo-
site to the direction expected. In one of the latter
cases (WI), the direct response to decreasing
RDN differs significantly and in the direction
expected from the response to increasing RDN.
In the other case (CR), the contrasting selected
line did not survive but the significant correlated
response of RDN to direct selection on CPP in
Fig. 2B indicates a significant heritability of
RDN in this population. In both cases, the per-
centage diapause in the control population was
much higher (87% in WI, 73% in CR) than the
50% expected from RDN in the base population.
Consequently, the negative heritability implied
by direct response to increasing selection on
RDN at WI and CR may be artifacts of the low
(but also unexplained) incidence of development
in the control line. Finally, for one population
(GS), there is no significant direct (Fig. 2E) or
correlated (Fig. 2 B, D, and F) response involv-
ing RDN. These results indicate that there is
significant heritability of RDN in five of the six
populations but do not reveal whether the heri-
tability at GS is simply too low to be detected by
our experimental protocol or is effectively zero.

The significant correlated responses of CPP
(Fig. 2D) and of DOD (Fig. 2F) to direct selec-
tion on RDN are consistent. Selection for de-

‘creasing (increasing) RDN elicits a decreasing

(increasing) CPP or DOD in three of the six pop-
ulations. These results indicate that in one south-
ern (WI) and two northern (KC, DL) populations,
there is a positive genetic correlation between
RDN and CPP; likewise, in one southern (WI)
and two northern (FV, KC) populations, there is
a positive genetic correlation between RDN and
DOD.

The significant correlated responses by DOD
to direct selection on CPP (Fig. 2C), RDN (Fig.
2F), or both, indicate a significant heritability of
this trait in all but one southern (CR) and one
northern (DL) population. As in the RDN, these
results do not reveal whether the heritability of
DOD in the CR and DL populations is simply
too low to be detected by the experimental pro-
tocol or is_effectively zero.

Discussion

The frequent, significant direct and correlated
responses shown in Fig. 2 and obtained after

,)’
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Fig. 2. Direct and correlated response to direct selection on CPP (A—C) and RDN (D-F). Vertical axis plots
deviation of selected lines from the control line (percentage of diapause selected minus control) after four
generations for decreasing (V) or two generations for increasing (A) selection. Significance of deviation from
controls is determined by G tests for enumeration data and is indicated by open triangles (P > 0.05) or solid
triangles (P < 0.05). A significant difference (P < 0.05) between selected lines is indicated by a dashed line joining
them; otherwise, the difference is not significant (P > 0.05). Localities on the horizontal axis are ranked from south

to north (Table 1).

only four (decreasing) or two (increasing) gener-
ations of selection suggest significant heritabili-
ties of and genetic correlations among CPP,
RDN, and DOD. Substantial heritabilities of
diapause-related traits are consistent with earlier
studies in W. smithii (Bradshaw & Holzapfel
1990) as well as in other insects (Dingle et al.
1977, Sims 1985, Sauer et al. 1986). Where indi-
cated by significant correlated responses, all the
genetic correlations are positive. Consequently,

these traits reinforce rather than compensate for
one another. This reinforcement means that
there is a genetically coordinated diapause syn-
drome in W. smithii: Diapause-prone individu-
als enter diapause at longer photoperiods, after
experiencing more long days, and enter a deeper
diapause than do diapause-resistant individuals.

There were no clear geographic trends in re-
sponse to selection as shown in Fig. 2. As related
above, the significant direct and correlated re-
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sponses provided evidence for a significant her-
itability of CPP in all six populations, of RDN in
five of the six populations, and DOD in four of
the six populations. All significant correlated re-
sponses included at least one northern and one
southern population and there were no signifi-
cantly negative correlated responses. We there-
fore conclude that the individual traits either
make a non-significant contribution to the dia-
pause syndrome in W. smithii or reinforce each
other throughout the range of populations we
considered (30—49° N).

We emphasize that this diapause syndrome re-
lates to genetic variation and covariation within
rather than between populations. At any one lo-
cality, variation in the end of the favorable sea-
son may impose a fluctuating stabilizing selec-
tion that maintains genetic variability in
phenologically relevant traits (Dingle et al. 1977,
Istock 1981, Sauer et al. 1986). Mediation of
diapause by photoperiod maintains greater ge-
netic flexibility if the components of diapause
reinforce rather than compensate for one an-
other. The end of the favorable season, as
marked by the date of the first hard frost, de-
creases continuously with latitude and altitude
(Visher 1954); variation in the date of the first
hard frost does not. Taylor & Spalding (1986)
report that variation in “the occurrence of the
first hard frosts over many years along a latitudi-
nal gradient... from South Carolina to Maine
demonstrates no consistent latitudinal trend” (p.
79). Thus, selection for genetic flexibility in dia-
pause should be maintained relatively uniformly
over this range. We propose that the persistence
of significant heritabilities and positive genetic
correlations in diapause traits throughout the
range of W. smithii (Fig. 2) represents the con-
sequences of this sustained selection.

Among populations of W. smithii, critical pho-
toperiod is tightly correlated with latitude and
altitude (Bradshaw 1976). Depth of diapause in-
creases generally with latitude and altitude but
shows a reversal in this trend where the diapaus-
ing stage changes from the fourth to the third
instar (Bradshaw & Lounibos 1977). Thus, al-
though the diapausing traits considered here are

positively genetically correlated within popula-

tions and this correlation structure persists over
the range of W. smithii, correlations do not pre-
vent local departure of individual traits from the
diapause-prone to diapause-resistant continuum.
Genetic coordination of diapause traits does not
preclude their evolutionary flexibility.
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