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ABSTRACT

We determine the contribution of composite additive, dominance, and epistatic effects to the genetic
divergence of photoperiodic response along latitudinal, altitudinal, and longitudinal gradients in the
pitcher-plant mosquito, Wyeomyia smithii. Joint scaling tests of crosses between populations showed wide-
spread epistasis as well as additive and dominance differences among populations. There were differences
due to epistasis between an alpine population in North Carolina and populations in Florida, lowland
North Carolina, and Maine. Longitudinal displacement resulted in differences due to epistasis between
Florida and Alabama populations separated by 300 km but not between Maine and Wisconsin populations
separated by 2000 km. Genetic differences between New Jersey and Ontario did not involve either
dominance or epistasis and we estimated the minimum number of effective factors contributing to a
difference in mean critical photoperiod of 5 SD between them as ny = 5. We propose that the genetic
similarity of populations within a broad northern region is due to their more recent origin since recession
of the Laurentide Ice Sheet and that the unique genetic architecture of each population is the result
of both mutation and repeated migration-founder-flush episodes during the dispersal of W. smithi: in
North America. Our results suggest that differences in composite additive and dominance effects arise
early in the genetic divergence of populations while differences due to epistasis accumulate after more

prolonged isolation.

NDERSTANDING the genetic basis of evolution-
ary divergence between populations is a funda-
mental question in the study of evolution. Many models
of adaptive change within populations consider only
additive effects of genes (e.g, LANDE 1980a,b; CHE-
VERUD 1984; ROSE 1985; Via and LANDE 1985; GILLESPIE
and TURRELLI 1989; CHARLESWORTH 1990) although
nonadditive effects can make an important contribu-
tion to fitness (ROBERTSON 1957; FISHER 1958; WRIGHT
1968, 1977; BARTON and TURELLI 1989; WHITLOCK et
al. 1995) and genic (epistatic) interaction can contrib-
ute to the additive genetic variance and, consequently,
the heritability of traits (CROw and KiMura 1970; FAL-
CONER 1981). During the founding of populations, the
joint effects of isolation and drift may disrupt genic
interactions; mass selection during subsequent popula-
tion growth may then result in novel genetic architec-
tures in the descendant population, even if the mean
phenotype remains the same (MAYR 1954; CARSON
1968; WRIGHT 1977; TEMPLETON 1980; GOODNIGHT
1987; HARD et al. 1993b; SLATKIN 1996). Hence, the
genetic differentiation of populations through their
evolutionary history can result in reorganized genetic
architectures that differ in net or composite pleiotropic,
dominance, or epistatic, as well as additive effects.
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Herein, we examine the extent to which dominance
and epistasis have contributed to the genetic divergence
of photoperiodic response among populations of the
pitcher-plant mosquito, Wyeomyia smithii (Coq.). Photo-
periodic response is a crucial trait for the establishment
and diversification of insect populations at temperate
latitudes (ANDREWARTHA 1952; DANILEVSKII 1965; MA-
SAKI 1983; TAUBER et al. 1986; DANKS 1987). As the favor-
able season declines with increasing latitude or altitude,
the median day length (critical photoperiod) that trig-
gers hibernal dormancy (diapause) also increases. Pop-
ulations of insects living at higher latitudes or altitudes
where winter arrives earlier, respond to longer days and
enter diapause earlier than populations at lower lati-
tudes or altitudes (DANILEVSKII 1965; TAYLOR and SPAL-
DING 1986; DANKs 1987, Table 25), including popula-
tions of W. smithii (BRADSHAW 1976).

The immature stages of W. smithii develop only within
the water-filled leaves of the purple pitcher plant, Sarra-
cenia purpurea L. The range of the mosquito in North
America follows that of its host from the Gulf of Mexico
to north-central Canada (80-54°N Lat.). Present-day
distribution, physiology, morphology, and behavior all
indicate that W. smithii has invaded North America from
South America and that the evolution of this species in
North America has proceeded from south to north
(Ross 1964; BrabpsHAW and LounNimeos 1977; IsToOck
and WEISBURG 1987; BRADSHAW and Ho1.ZAPFEL 1990).
Throughout its range, W. smithii overwinters in the
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leaves in a state of larval diapause initiated, maintained,
and terminated by photoperiod (BRADSHAW and LoOU-
NIBOs 1977). The critical photoperiod for the induction
and maintenance of diapause in W. smithii increases
linearly with latitude and altitude but not longitude of
origin (BRADSHAW 1976: F* = 0.96). Hence, photoperi-
odic response in W. smithii is closely correlated with the
climatic gradient that parallels their historical biogeog-
raphy in North America.

Wyeomyia smithii is the sole temperate species of a
large neotropical genus (LANE 1953; STONE et al. 1959),
and only two species from this genus, Wyeomyia miichelli
and W. vanduzeei, are found in subtropical Florida (DAR-
sIE and WARD 1981). Phenotypically, populations of W.
smithii group into four geographic regions (Figure 1).
Like most mosquitoes, larval W. smithii from the Gulf
Coast possess four long anal papillae; coastal and Pied-
mont North Carolina populations possess two long ven-
tral and two short dorsal papillae; all more northern
and alpine populations possess but two moderately
lengthened ventral papillae (BRADSHAW and LOUNIBOS
1977). Gulf Coast and lowland North Carolina females
are obligately nonbiting for the first ovarian cycle but
require a blood meal for the second and subsequent
ovarian cycles. Northern and alpine females produce
repeated egg batches without blood feeding, a highly
unusual trait in mosquitoes without predatory larvae
(O’MEARA et al. 1981; O’MEARA and Lounisos 1981;
BrapsHAaw 1980, 1986). Gulf Coast populations dia-
pause in the fourth instar; lowland North Carolina pop-
ulations are polymorphic for third or fourth instar dia-
pause; northern and alpine populations diapause in
the third instar but may enter a second, fourth instar
diapause (LOUNIBOS and BRADSHAW 1975; BRADSHAW
and Lounisos 1977). Hence, anal papillae morphol-
ogy, diapause characteristics, and reproductive physiol-
ogy all distinguish populations of W. smithii from the
Gulf Coast, from lowland North Carolina, and from
alpine North Carolina and the northern region (New
Jersey and northwards) as distinct and separate groups.
Although the alpine North Carolina populations are
phenotypically identical to northern populations, their
relatedness to the northern populations is uncertain
because the distribution of S. purpurea, and therefore
W. smithii, is disjunct in the Appalachian Mountains
between North Carolina and Pennsylvania (MCDANIEL
1966). These alpine populations may then constitute
a geographic region that is genetically distinct from
populations in the northern region.

HARD et al. (1992, 1993a) examined the contribution
of nonadditive genetic effects to the latitudinal diver-
gence of critical photoperiod in W. smithii along their
evolutionary trajectory in North America. They com-
pared populations from the southern region with popu-
lations from the low elevation North Carolina and the
northern regions. They did not examine genetic differ-
ences between the southern alpine and the other re-

gions or differences due to longitudinal or latitudinal
displacement within a region. Furthermore, since the
presence of nonadditive genetic effects biases estimates
of the number of genetic factors contributing to genetic
differences between populations (LANDE 1981; MATHER
and JINKS 1982; ZENG et al. 1990), HARD et al. (1992,
1993a) were not able to estimate the number of loci
potentially contributing to the evolved differences in
critical photoperiod. In this article, we first examine
whether the phenotypic similarity of the southern al-
pine to the northern populations is the product of a
similar underlying genetic architecture. Second, we ex-
amine whether longitudinal isolation-by-distance inde-
pendently of broad-scale climatic variation can result in
nonadditive genetic differences between populations.
Finally, we estimate the number of loci (minimum num-
ber of effective factors) that contribute to genetic diver-
gence of critical photoperiod between populations that
differ in critical photoperiod only in additive effects.

MATERIALS AND METHODS

Collection and maintenance of populations: Approx-
imately 2000 W. smithii larvae were collected from each
of eight localities in eastern North America (Figure 1):
two southern populations in Alabama (AL: 30°N, 87°W,
15 m elev) and Florida (FL: 30°N, 85°W, 10 m elev);
four northern populations in Ontario (ON: 50°N, 94°W,
400 m elev), Wisconsin (WI: 46°N, 90°W, 500 m elev),
Maine (ME: 46°N, 68°W, 250 m elev), and New Jersey
(NJ: 40°N, 75°W, 10 m elev); and two populations in
North Carolina at alpine (Alp: 35°N, 83°W, 900 m elev)
and lowland (Low: 35°N, 80°W, 90 m elev) localities.
These populations correspond to localities LI, WI, DL,
ML, KC, PB, DB, and SH, respectively, in previous arti-
cles from this laboratory. Collections were made in the
spring of 1993 before adult emergence so that 100%
of the genotypes were still available for sampling as
larvae in the pitcher-plant leaves. Samples were taken
from 50 (lowland AL-NJ) to 200 (northern and alpine)
plants over 100—-500 m distance within each population.
Samples were maintained on ice, transported to the
laboratory, and reared through four to six generations
before the start of experiments as described in HARD
et al. (1992).

Line crosses: The contribution of nonadditive ge-
netic effects to the genetic differentiation of popula-
tions can be evaluated from parent and hybrid pheno-
type means and variances (CAVALLI 1952; HaymaN 1958,
1960a,b; LANDE 1981; COCKERHAM 1986; HARD ef al.
1992). We set up our crosses to reflect differences or
similarities in latitude, longitude, and altitude (Figure
1; Table 1). First, to evaluate the genetic divergence of
the alpine from the other regions, we crossed the alpine
North Carolina population (Alp) and the Florida popu-
lation (FL) from the southern region, the alpine popu-
lation (Alp) and a lowland population (Low) at the
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FIGURE 1.—Origin of populations and crosses between
them. Different symbols show the different geographic re-
gions identified by differences and similarities in morphology,
diapause, and reproductive physiology. Lines connecting pop-
ulations in the inset show the crosses performed. The thick
dashed line shows the southern maximum of the Laurentide
Ice Sheet.

same latitude in North Carolina, and the alpine popula-
tion (Alp) and a Maine population (ME) from the
northern region. Second, to evaluate genetic diver-
gence due to isolation-by-distance within a region, we
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crossed latitudinally similar but longitudinally displaced
populations within the southern region (FL-AL) and
within the northern region (ME-WTI). Third, to evalu-
ate extreme latitudinal and longitudinal displacement
within a region, we crossed the Ontario population
(ON) and the Maine (ME) or New Jersey (N]) popula-
tion, all within the northern region.

Crosses included the F, and F, hybrids and first back-
crosses (B, and By), with all of their reciprocals nested
within each reciprocal F;, which yielded a total of 14
lines per cross (92 total lines). For each cross, the sexes
were separated as pupae. Only male pupae from one
population or generation were placed in adult cages
with only female pupae from the other population or
generation. The resulting adults were allowed to mate
en masse and females to oviposit within this single adult
cage. Each reciprocal cross was set up in a separate
adult cage. Because each cohort of parents had been
maintained on unambiguous long-day .photoperiod
(L:D = 18:6) since they had been larvae, we assumed
that mating between adults was random with respect to
larval critical photoperiod. In the first generation of
the experiment, parent populations were split into two
halves, one half being used to generate new parent
populations and the other half to create the F; and
reciprocal F, lines. The F;s and reciprocal F;s were each
split into thirds: one third to generate the F,, one third
to generate the B, and its reciprocal, and one third to
generate the B, and its reciprocal. At the same time,
the parental lines were split into quarters: one quarter
to generate new parent lines, one quarter to generate
new F;s and their reciprocals, and one half to generate
the backcrosses and their reciprocals. The progeny of
this second generation were reared on short-day photo-
period (L:D = 8:16) to induce diapause and, for each
of the 92 lines, critical photoperiod and its variance
were determined concurrently from 125 individuals in
each line exposed to linearly increasing (3 min/day)
photoperiod as in HARD et al. (1992). For each of the
92 lines, the grandparental generation of the experi-

TABLE 1

Geographic separation of parent populations and joint scaling tests for the adequacy of the five-parameter
ADM model and the eight-parameter ADME model

Difference in geography

ADM? ADME*

Cross °N Lat °W Lon m Alt x2 (0 d.f) x2 (1 d.f) Figure 3
Alp-FL 5.0 1.8 890 59, 19%** 3.32° B
Alp-Low 0.1 3.7 810 51.06%%** 1.85° C
Alp-ME 11.1 14.9 530 54 57x%* 15.42%:** D
FL - AL 0.4 2.4 5 25.96%** 1.19° E
ME - WI 0.2 21.2 130 10.74° — F
ME - ON : 3.4 25.8 40 48,93k 0.24° G
NJ:-ON 9.7 19.8 400 5.77° — H

“ After column-wide sequential Bonferoni: ° P > 0.05, *** P < 0.001. —, the ADME model was not tested

since the ADM model was not rejected. ADM, additive-dominance-maternal; ADME, additive-dominance-mater-

nal-epistacis
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mental larvae consisted of 95-284 males and 78-298
females; the parent generation of the experimental lar-
vae consisted of 72-153 males and 54-120 females.
Within each generation, all of the progeny from each
line were pooled in a large pan and then the parents
for the next generation or the experimental larvae were
withdrawn haphazardly from the pooled larvae.

Operationally, diapausing larvae are exposed to short
days that are incremented 3 min/day by Chrontrol CD-
4 electronic timers. At some point, the increasing pho-
toperiod triggers resumed development and each indi-
vidual larva eventually pupates. We then define the criti-
cal photoperiod for an individual as the daylength of
the day on which it pupates and for the population as
the mean daylength of pupation in a cohort of indi-
viduals..

Under the experimental conditions, development is
both positively skewed and slightly protandrous. To re-
duce skewness, stabilize coefficients of variation, and
eliminate any significant sexual dimorphism, we log,
transformed individual critical photoperiods and
pooled the data from both sexes (HARD e al. 1992)
without scoring sex. Raw data were log;, transformed
and used to calculate means and variances on an Excel
spreadsheet. The means and variances of critical photo-
periods of the fourteen lines resulting from crosses be-
tween any two parental populations were used to derive
estimates of the composite additive, dominance, addi-
tive maternal, dominance maternal, and digenic epi-
static effects for this trait. By eliminating the scoring of
sex, we were able to determine critical photoperiod
in all 92 lines (12,000 larvae) concurrently. We were
therefore not able to test for sex linkage, but HARD e
al. (1993a) found no evidence for sex linkage in crosses
involving even greater geographic distances and pheno-
typic divergence of critical photoperiod than in the
present study. Initial tests for maternal effects revealed
these effects scattered throughout the crosses. Rather

than report and discuss each of these several tests, we
combined estimates of maternal effects into a least-
squares model containing the information from all of
the generations within each cross. Since we were inter-
ested primarily in the contribution of epistasis to ge-
netic differences between populations, we first tested
for the adequacy of a five-parameter modetl including
additive, dominance, and maternal effects (ADM) and
then an eight-parameter model including additive,
dominance, maternal, and digenic epistatic effects
(ADME). All matrix manipulations and tests for good-
ness of fit were programmed and performed using
Mathcad 4.0.

The weighted least-squares model that incorporates
these composite effects is (HAYMAN 1958; MATHER and
JINKs 1982) as follows:

% = (C"E7'C)'C'EYy (1)
Var(®) = (C'E™'C)™! (2)
y = C& = the fitted mean values (3

where % is the vector of mean (#), additive (d), domi-
nance (%), additive-maternal (d,), dominance-mater-
nal (h,), additive X additive epistasis (), additive X
dominance epistasis (j), and dominance X dominance
epistasis ) parameters. C is the matrix of coefficients
for these parameters from the equations for predicted
line means (Table 2), C” its transpose, E is a diagonal
matrix of error variances (squared phenotypic standard
errors) of the line means, and y is the vector of observed
line means. Var(%) is a diagonal matrix of the sampling
errors of the respective elements in %X. ¥ is the vector
of predicted line means representing, respectively, the
parents (P; and P,), the F; and its reciprocal (F, and
rF,), the combined Fy and reciprocal Fs, the first back-
cross and its reciprocal (3 X %:B; = P; X F; combined
with P; X rF; and rB, = F; X P; combined with rF; X
P,), and the second backcross and its reciprocal (3 X

TABLE 2

Expected generation means of an additive-dominance-digenic epistasis model with maternal effects

Coefficients of C*

Generation Expected contribution to generation mean m d h Ay P i j l
P, m+d+d,+ i 1 1 0 1 0 1 0 0
P m—d—d,+ 1 1 -1 0 -1 0 1 0 0
F; m+ h+d,+ 1 1 0 1 1 0 0 0 1
rF, m+ h—d,+ 1 1 0 1 -1 0 0 0 1
F, m+ Yoh + by + Y4l 1 0 A 0 1 0 0 Y.
B, m+ Yod+ Voh + dy + Vui + 1/4]' + il 1 Yy Y 1 0 A A o
rB, m + 1/2d+ 1/2h+ Ry + 1/4i+ l/4j+ 1/4l 1 1/2 1/2 0 1 1/4 1/4 1/‘
B, m— Yod + Yoh + —d, + /i — 1/4j+ A 1 = s -1 0 Yy =Y Yy
rB, m— Yod + “Voh + hy + Vi — 1/4]-'*’ Y 1 —% o 0 1 Y4 = Vs

These data were compiled from MATHER and JINKS (1982), Tables 31 and 117. m, mean; d, additive; %, dominance; d,,, additive
maternal; k,,, dominance maternal; i, additive by additive epistasis; j, additive by dominance epistasis; /, dominance by dominance

epistasis.
SR anations 1—-9
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?:B, = P, X F, combined with P, X rF, and B, = F,
X Py combined with rF; X Py). Hence, the analyses
consist of eight parameters to be estimated (7 to )
from nine generation means and variances (P, Py, Fy,
rFy, Fo, By, 1By, Bo, and rBy), allowing tests for the good-
ness-of-fit of the line means to sequential models incor-
porating additive-dominance-maternal effects (five-pa-
rameter ADM model) and additive-dominance-mater-
nal-epistatic effects (eight-parameter ADME model).
Under the assumption of normality, goodness-of-fit of
the line means to the ADM model, incorporating m, d,
h, d,,, and h,, effects, was tested with the chi-square statis-
tic with 4 d.f. (9 generation means — 5 parameters)
derived from HaymMaN (1958) and MATHER and JINKS
(1982). If the five-parameter model was rejected, we
then tested for goodness-of-fit to the full eight-parame-
ter model, incorporating m, d, h, d,,, h., i, j, and [ effects,
with 1 d.f. (9 generation means — 8 parameters). The
chisquared statistic was calculated as

X2 =yEy - yE (4)
with 4 or 1 d.f., as appropriate.

Since we performed these tests with seven different
geographical crosses, we applied the sequential Bonfer-
oni (RICE 1989) to assure a model-wide protection level
of @ = 0.05 for testing of the five-parameter model
across all seven crosses and for testing the eight-parame-
ter model across all crosses for which the five-parameter
model had been rejected. Acceptance of the five-param-
eter model would indicate that composite additive,
dominance, and maternal effects alone were adequate
to account for genetic divergence in critical photope-
riod between the parental populations. Rejection of the
five-parameter model would indicate that at least some
form of epistasis was required to account for this differ-
ence. Acceptance of the eight-parameter model would
indicate that additive, dominance, maternal, and di-
genic epistatic effects alone were adequate to account
for genetic divergence in critical photoperiod between
the parental populations. Rejection of the eight-param-
eter model would indicate that genetic divergence be-
tween the two parental populations also involved link-
age, trigenic or higher order epistasis, or maternal by
offspring genotype interaction.

Estimates of the eight composite effects 7 to { were
obtained from the vector X (Equation 1) after the ap-
propriate five- or eight-parameter genetic model was
fitted by the method of least squares. The composite
effects are sums of weighted line means; therefore, their
sampling errors (Var %, Equation 2) were calculated as
the square root of the sum of the error variances (E)
of the contributing line means, weighted by the corre-
sponding coefficients (C in Table 2). The significance
of each of the parameters s to [ was assessed as

£
= —— 5
t ar () ©

for the ith parameter with d.f. >200 in each case.

Number of loci: We estimated the minimum num-
ber of effective factors (ng) contributing to the diver-
gence between populations and its standard error from
the estimated line means and segregational variances by
the formulas derived in LANDE (1981) and COCKERHAM
(1986): "

_(h-®-E -k
e 8+ Vars ®)

where 3 and % are the phenotypic means of the two
populations, E; and FE, are their respective error vari-
ances, and VarSis the segregational variance calculated
using the method of least squares. VarSis obtained from
the vector of variance components, a, whose elements
represent the least-squares estimates of the phenotypic
variances of the two parents and the segregational vari-
ance, respectively, under an additive model:

a = (XVX)" MV ly (7)

where v is the vector of phenotypic variances for the
Py, Py, Fy, Fy, By, and B, generations, respectively, V is
a vector of the sampling variances of the phenotypic
variances based on n; observations each:
2
y=2 ®)
n;
and X is the matrix of coefficients for the predicted
line variances under an additive model (COCKERHAM
1986, p. 660). We used COCKERHAM’s (1986) maximum
likelihood procedure for the estimation of VarsS but we
found that a was consistently stable to three decimal
places at the first iteration. Finally, we calculated the
standard error of n; as (COCKERHAM 1986):

[4(E1 + E)  War$ ]‘/2
= Ng — — + 2
yl + yg (VarS)

9)

Sy
where Wars$ is the variance of the segregational vari-
ance, the third element in the variance vector Va =
(X'V'X)~!. Because this estimation of n; assumes un-
linked loci and equal allelic effects, it also provides an
estimate of the minimum number of genetic loci con-
tributing to population divergence (ZENG et al. 1990).

RESULTS

There was a close association between the latitude
and altitude of a population and its critical photoperiod
(Figure 2). The critical photoperiod of the low-eleva-
tion populations increased consistently with latitude
and the critical photoperiod of the alpine (high-eleva-
tion) population in North Carolina (35°N) was substan-
tially higher than the critical photoperiod of the low-
land population, indicating an equivalent latitude just
north of the New Jersey population. We used the aver-
age mean and standard deviation of the FL and AL
populations as an estimate of the mean and standard
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FIGURE 2.—Geographic variation in the mean (*1 SD)
critical photoperiod on a scale of hours (left axis) or on a
scale of deviation from the ancestral (Al and FL) mean in
units of the average ancestral standard deviation. Regional
symbols as in Figure 1.

deviation in critical photoperiod of the ancestral popu-
lation and then plotted divergence of mean critical pho-
toperiod from the ‘‘ancestor” in units of standard devi-
ation of the ancestral population. On this scale, critical
photoperiod has diverged from the ancestral mean by
about 4 SD in the lowland population, 6 SD in the
alpine population, and 5-10 SD in the northern popu-
lations (Figure 2), confirming the relationship between
geography and critical photoperiod found in previous
studies (BRADSHAW 1976; BRADSHAW and LOUNIBOS
1977; HARD et al. 1992, 1993a).

Figure 3A shows the additive and additive-dominance
expectations from the line crosses. All crosses showed
a clear departure from the additive expectation (Figure
3B-H) except the ON+NJ cross (Figure 3H) for which
the ADM model was not rejected (Table 1) and for
which there was also no significant difference due to
dominance (Table 3). The northern longitudinal cross
(ME - W1, Figure 3F) conformed to the general pattern
expected for the additive-dominance model and the
ADM model was not rejected in this case (Table 1),
but the hybrid generations still showed the presence of
significant differences in dominance (Table 3). For all
the other crosses, the presence of epistasis was sug-
gested (1) because the F, fell on the opposite side of
the F, from the mid-parent expectation (Figure 3B, E,
and G), (2) because the F; mean fell on the opposite
side of the additive expectation from the F, (Figure
3D), or (3) because one (Figure 3C) or both (Figure
3E) of the backcross means fell on opposite sides of the
additive expectation than did the F; mean. Indeed, the

ADM model was rejected for all these five crosses (Table
1), and there was a significant contribution of at least
one component of digenic epistasis to genetic differ-
ences between the parents (Table 3: Alp - Fl, Alp - Low,
Alp-ME, ME - ON, FL-AL).

In the five crosses for which the ADM model was
rejected, the eight-parameter additive-dominance-ma-
ternal-epistasis (ADME) model was rejected only for the
alpine-northern cross (Alp-ME); composite additive,
dominance, maternal, and digenic epistatic effects were
adequate to account for genetic differences in critical
photoperiod in the other four crosses. The FL. - AL cross
showed evidence for additive by additive (A X A) and
dominance by dominance (D X D) but not additive by
dominance (A X D) epistasis. The Alp * FL cross showed
evidence for A X D and D X D but not A X A epistasis.
The Alp - Low cross showed evidence of D X D but not
A X D or A X A epistasis. The ME + ON cross showed
evidence of D X D but not A X A or A X D epistasis.
In the Alp+ ME cross, there was evidence of A X A but
not A X D or D X D epistasis; in this case, the ADME
model was also rejected (Table 1), indicating a contri-
bution of linkage, higher order epistasis, or maternal-
offspring genotype interaction to genetic divergence
between the Alp and ME populations. These results
show that, in the five crosses where epistasis contributed
to genetic differences in critical photoperiod between
populations, the pattern of epistatic effects was unique
in three of them (Alp-Fl, Alp*ME, and FL- AL} and
identical in the other two (Alp*Low and ME - ON).

Estimates of the minimum number of effective fac-
tors involved in differences in critical photoperiod be-
tween populations ranged from zero to six and were
positively correlated with the difference in mean critical
photoperiod between populations (Figure 4). Of the
seven estimates, only the highest four differed signifi-
cantly from zero after application of the sequential
Bonferoni: Alp-Low, Alp:ME, NJ+ON, and Alp-FL.
One estimate (ME - WI) was less than, but not signifi-
cantly different from, zero because the phenotypic vari-
ance was actually lower in the F, than in the F, or
in either parent, leading to a negative segregational
variance (VarS) and, consequently, a negative estimate
of nz (Equation 6).

DISCUSSION

First of all, we want to reiterate that the line-cross
approach only identifies differences in composite addi-
tive, dominance, or epistatic effects between the parent
populations. Elements of the genetic architecture
within populations or that are common to both popula-
tions will not be detected by this methodology. Further-
more, multiple differences in additive, dominance, or
epistatic effects that differ in sign will tend to cancel
each other out. We therefore view our results as a con-
servative estimate of the changes in genetic architecture
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FIGURE 3.—Parental and hybrid critical photoperiods (mean hours + 2 SE). (A) Additive (O) and additive-dominance (®)
expectations. If populations differ only in additive effects, then all generation means should fall on a straight line connecting
the parents. Differences due to dominance produce a deviation of the hybrid generations above or below this line. Because of
independent assortment in the Fy, the F» and backcross generations lose half of their heterozygosity. Therefore, the F, should
fall half the distance from the F, and the additive expectation, and the backcross means should deviate from the additive
expectation by the same amount as the Fy. Deviations from the additive-dominance expectation indicate differences due to
epistasis. (B—H) Experimental results with the diagonal line showing the additive expectation. This expectation is determined
by the method of least squares, incorporating all of the generation means; consequently, the line need not pass through the
parental means. The inset shows the goodness-ofit to the ADM and ADME models from Table 1; the symbols in parentheses
indicate the significance and sign of A X A, A X D, and D X D epistasis, respectively: 0, not significant; +, significant and

positive; —, significant and negative from Table 3.

following adaptive divergence of photoperiodic re-
sponse. Our results do, however, indicate that evolution
of critical photoperiod over a climatic gradient suffi-
cient to select for a difference in mean phenotype of

4-6 SD probably involves a minimum of four to six
loci. At least one component of photoperiodic time
measurement in W. smithii includes an underlying circa-
dian pacemaker and the contribution of this pacemaker
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TABLE 3

Composite effects (parameter estimates, X) contributing to differences in critical photoperiod between populations

Cross " d h d,, P i 7 i
Alp-FL 1.154 0.032 0.009 -312 x 107 0.003 -6.41 X 107* -0.004 0.014
315.54 46.19 1.18 -0.81 3.60 —-0.18 —4.03 3.02
Fokok Kok ° ° Kk ° $odok *
Alp - Low 1.177 0.011 -0.021 993 x 107° 5.92 x 107* —0.003 —7.55 x 107* 0.016
399.53 20.03 —3.47 —0.29 1.25 -0.96 -1.12 4.66
ok sk sk Hok ok ° ° ° ° skok
Alp*-ME 1.191 —-0.014 0.013 —0.002 0.001 0.011 4.61 X 107* —0.002
460.78 —22.05 2.36 —6.53 2.48 4.2 0.64 —0.68
okok B ° EET * Kok ok ° °
FL- AL 1.147 -5.68 x 107* —0.022 -0.002 -0.005 —0.022 0.002 0.021
243.49 0.61 —4.22 —-2.77 —~4.34 —4.81 1.27 3.46
Fokk ° skkok * *kkok kKo ° sk
ME - WI 1.213 0.004 —0.004 -2.88 X 107* 4.62 x 107*
2.36 X 10° 7.54 —4.42 —0.75 —-1.13 — — —
Ak *E% T ° °
ME-ON 1.225 —0.007 —-0.016 —0.001 —0.001 891 x 107° 0.001 0.011
540.11 —-12.62 —3.52 —-3.80 —-3.41 0.04 2.00 3.90
skok EETS *k EES EE ° ° FE T
ON"-N]J 1.207 0.026 7.03 X 107° 6.67 X 107° —0.001
3.58 x 107° 61.99 0.14 0.22 —3.54 — — —
Fokk Kbk ° ° ok

Entries for each cross show the parameter estimate (Equation 1), the associated value of ¢ (Equation 5) with d.f. > 200, and
the associated probablhty after sequential Bonferoni was applied row-wide within each cross for the top, middle, and bottom

row, respecuvely

P> 0.05, * P < 0.05, ** P < 0.01, *** P < 0.001. —, No estimates were made of composite epistatic effects

since the five- e-parameter ADM model was not rejected. 7 mean; d, addltlve %, dominance; d,,, maternal additive; %, maternal
dominance; 4, additive by additive epistasis; j, additive by dominance epistasis; I, dominance by dominance epistasis.

to the evolution of critical photoperiod involves its am-
plitude but not its period (WEGIS et al. 1997). These
observations suggest that the photoperiodic adaptation
of W. smithii to the ecoclimatic gradient of North
America has involved multiple, interacting loci that af-

re=0.904** Alp*ME

AlpeFL
Alp*Low

i
ME*QON
NEg°% 7

o P>0.05
* P<0.05
1 @ P<0.001

1 FLeAL .~

o,
—1 ’ § MEsW1

T T T T T T T T T T T
0.0 0.2 04 06 08 1.0 1.2 1.4 1.6 1.8 2.0 2.2

Difference in CPP (Hr)

FIGURE 4.— Estimated mean number of effective factors (ng
+ 2 SE) by which two populations differ, fitted to a logarith-
mic curve. Note that some of these estimates do not differ
from zero after a figure-wide sequential Bonferoni and that all
but the NJ - ON estimate are potentially biased by nonadditive
effects.

fect primarily the amplitude of the circadian compo-
nent of photoperiodic time measurement.

Epistasis makes a significant contribution to genetic
divergence between some, but not all populations (Ta-
ble 1). In the presence of substantive epistatic effects,
the contribution of additive and dominance effects can-
not be established reliably (HAYMAN 1960b). Conse-
quently, we discuss differences in additive and domi-
nance effects only in the absence of significant differ-
ences due to epistasis. The pattern of epistasis, or lack
thereof, enabled us to answer our initial questions
about the evolutionary divergence of critical photope-
riod in W. smithii. First, epistasis was involved in the
genetic divergence of the alpine from southern, low-
land, and northern populations and the Alp-ME was
the only cross involving higher order epistasis, linkage,
or maternal-offspring genotype interaction (Table 1).
Hence, although alpine populations are indistinguish-
able from northern populations in terms of morphol-
ogy, diapause, and reproductive physiology (BRADSHAW
and LouNiBos 1977; BRaApsHAW and HOLZAPFEL 1990),
they clearly differ markedly in the genetic architecture
underlying critical photoperiod.

Second, longitudinal displacement of populations at
similar latitudes resulted in differences in epistasis in
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the southern (AL-FL) but not in the northern
(ME - WI) cross, even though the southern populations
were geographically closer to each other (Table 1). Sim-
ilarly, ARMBRUSTER et al. (1997) found greater genetic
distance between two populations in north Florida than
between the same ME and ON populations as in this
study. The results of both studies indicate that isolation-
by-distance is not adequate to explain the involvement
of epistasis in the genetic divergence of populations of
W. smithii.

Third, two of the three crosses involving exclusively
populations from within the northern region (Figure
1) did not differ in epistatic effects (Table 1), and one
of them did not differ in epistatic or dominance effects
despite the fact that the parent populations (N]J, ON)
differed dramatically in latitude, longitude, and altitude
(Table 1) and by 5 SD in mean critical photoperiod
(Figure 2). These results, in combination with those
immediately above, lead us to conclude that popula-
tions within the broader northern region share more
similar genetic architectures than do populations be-
tween any two regions, even though the latter may be
geographically closer.

We propose that the genetic similarity of populations
within the northern region is a consequence of their
more recent origin. Populations near to and north of
the maximum southern extent of the Laurentide Ice
Sheet (Figure 1) must have been established after the
recession of the ice 21-7 K years ago. At the same time,
these more recently founded populations complete
only one to three generations per year while more
southern, older populations of W. smithii complete five
to seven generations per year (BRADSHAW 1983; BRAD-
sHAwW and HoLzAPFEL 1986). The lack of differences
in epistasis between distant northern but not relatively
nearby southern populations may then be explained by
the total number of generations elapsed since diver-
gence of the parent populations. Our results suggest
that differences in composite additive and dominance
effects arise early in the genetic divergence of popula-
tions (as within the northern region) while differences
due to epistasis accumulate after more prolonged isola-
tion (as within the Gulf Coast region or between re-
gions).

The specific components of digenic epistasis by which
populations differ in critical photoperiod are virtually
unique to each cross and unrelated to the historical
range expansion of W. smithii in North America (Table
3; HARD et al. 1993a). The two exceptions (Table 3:
Alp - Low, ME - ON) are in different geographic regions
and are therefore likely convergent, rather than simul-
taneously or sequentially evolved genetic differences.
Similarly, ARMBRUSTER ¢t al. (1997) found that the ge-
netic architecture underlying fitness (r,) and its compo-
nents varied in a pattern that was unique to each cross
within or between the northern (ME, ON) or southern
(western and eastern FL) regions. Genetic differences

between populations of W. smithii have accumulated in
a stochastic, rather than deterministic manner.

Isolation and drift have probably contributed to this
uneven adaptive landscape. First, pitcher plants are of-
ten locally abundant but regionally scarce. Wyeomyia
smithii is a small, weak-flying mosquito, ‘‘extremely
prone to death by desiccation” (ISTOCK and WEISBURG
1987). Allozyme variation indicates pervasive gene flow
within local habitats but limited gene flow between even
nearby bogs (IsTOCK and WEISBURG 1987). The oppor-
tunity for isolation and drift therefore clearly exists.
Second, average gene diversity at 10 allozyme loci de-
clines with increasing latitude within the northern re-
gion (=40°N) (P. A. ARMBRUSTER, W. E. BRADSHAW and
C. M. HOLZAPFEL, unpublished results), suggesting that
drift after sequential colonizations of progressively
more northern bogs has depleted genetic variation at
structural gene loci. Because of their strict host specific-
ity, W. smithii cannot invade a new locality until Sarrace-
nia purpurea has become established. We therefore view
the northward adaptive radiation of W. smithii as the
successive colonization by a few individuals into a wide-
open habitat, followed by drift, rapid population
growth, and mass selection.

This process of migration, drift, and selection can
promote the rapid adaptation of populations under fa-
vorable environmental conditions by (1) increasing the
efficacy of natural selection in expanding populations
(SLATKIN 1996), (2) reordering the average effects of
alleles (LANDE 1980a; GOODNIGHT 1995), (3) releasing
additive from dominance and epistatic variances (MAYR
1954; CARSON 1968; WRIGHT 1977; TEMPLETON 1980;
GOODNIGHT 1987; WILLIS and ORrR 1993; BRYANT and
MEFFERT 1995), (4) facilitating major changes in some
traits while alleviating possible negative pleiotropic ef-
fects through the action of modifier loci (WEBER 1996),
or (5) facilitating the independent evolution of for-
merly genetically correlated traits (HARD ez al. 1993b).

Critical photoperiod of W. smithii has undergone
rapid adaptive evolution in North America. Within the
northern region previously occupied by the Laurentide
Ice Sheet (>40°N), pitcher plants have become estab-
lished, W. smithii has invaded the new habitats, and
critical photoperiod has evolved about 5 SD (Figure 2)
during the last 21 K years. The high heritability of crit-
cal photoperiod (HARD 1993a: #* = 0.15-0.80) and the
lack of differences due to dominance or epistasis in the
cross between NJ and ON (Tables 1 and 3) provide
evidence that pre-existing additive genetic variance,
mutation, and selection alone may have been sufficient
to generate this degree of difference in mean pheno-
type. At the same time, the additive genetic variance for
critical photoperiod increases with increasing latitude,
especially within this same northern region, despite a
history of directional selection on a latitudinal scale and
similar stabilizing selection at the local scale (HARD et
al. 1993a). This increase in variance cannot be ex-



1882 K. P. Lair, W. E. Bradshaw and C. M. Holzapfel

plained by mutation-selection balance (HARD e al.
1993a) and therefore provides evidence for the release
of additive from previously covert dominance or epi-
static variance. We therefore conclude that the inde-
pendent genetic architectures among populations of
W. smithii have probably arisen both through mutation
and through the genetic reorganization of pre-existing
allelic and genic interactions following founder events.
Regardless of the relative contribution of these two pro-
cesses, our results underscore the fundamental role of
nonadditive genetic effects to the adaptive diversifica-
tion of populations.
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