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ABSTRACT

Wild populations of Peromyscus are often composed of individuals that vary greatly in their reproductive response to pho-

toperiod. A population of white-footed mice (P. leucopus) from Michigan (43�N) was subjected to mass selection in the labo-

ratory both for and against reproductive photoresponsiveness for four generations. The first generation of selection yielded one

line of mice in which about 80% of the individuals were classified as reproductively photoresponsive (i.e., with undeveloped

reproductive tracts when reared in short days, 8L: 16D) and another in which only about 20% were reproductively photores-

ponsive. Some and perhaps most of this difference was accounted for by changes in degree of responsiveness to photoperiod

rather than by alterations in the proportion of discrete responsive vs. unresponsive phenotypes. Alteration of critical day length

was not a factor. Three more generations of selection failed to change the proportions noted above significantly. Although the

genetic control of reproductive photoresponsiveness is undoubtedly complex, a single variable locus may be responsible for

much of the heritable variation present in this population. These results also suggest that natural populations contain genetically

determined phenotypes that are intermediate between absolutely photoresponsive and absolutely unresponsive. The factors that

might promote maintenance of heterogeneity of reproductive photoresponsiveness in a wild population of rodents are considered.

INTRODUCTION

Many mammals living in the temperate zones rely on

annual variation in day length to regulate their reproduc-

tion seasonally. In rodents, the use of this mechanism can

vary greatly between species, between populations of the

same species, and even between individuals of the same

geographic population [e.g., 1-6; reviewed, 7]. At least some

of the variation existing within rodent populations has a

genetic basis: a single generation of selection has been shown

to alter significantly the proportion of reproductively pho-

toresponsive individuals in laboratory populations of

deermice [8], field voles [9], and Djungarian hamsters [10].

Since selection can act so potently in the laboratory, could

it rapidly eliminate from a wild population either repro-

ductive photoresponsiveness or unresponsiveness? If so, why

is variation in this trait apparently common within at least

some populations of rodents [7]? The answers must lie, at

least in part, in the nature of the genetic control of repro-

ductive photoresponsiveness and in the phenotypic expres-

sion of this trait.

The complex neuroendocrine pathway through which

photoperiodic information travels from the eye to regulate

the reproductive axis is reasonably well characterized [11, 12].
There are at least three general ways in which this pathway

could be modified genetically, thereby creating variation

upon which selection could act. First, some component could

be rendered nonfunctional, or a previously nonfunctional

component could be rendered functional. This would yield
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individuals whose reproduction is either fully responsive

or fully unresponsive to photoperiod. Second, the sensitiv-

ity of a component could be altered without any changes

in its integrity. This would yield an array of individuals whose
responsiveness to photoperiod varies by degree. Third, the

critical day length (i.e., day length at which an individual

is reproductively suppressed) could be altered, potentially

either by a change in sensitivity to photoperiod or by some

other mechanism. This would shift individuals into or out

of the responsive category depending upon whether their

critical day length was greater or less than the shortest day

length experienced at their latitude of residence.

These three alternatives are probably impossible to dis-

tinguish in the wild. They would, however, have profoundly

different effects on the maintenance of variation in repro-

ductive photoresponsiveness within a population and on

the way in which reproductive photoresponsiveness evolves

at the species level. The objectives of this study were three-

fold: (a) to test for a genetic component to reproductive

photoresponsiveness in a population of the white-footed

mouse, Peromyscus leucopus; (b) if such a component is

present, to determine whether mass selection over several

generations could eliminate either reproductive photores-

ponsiveness or nonresponsiveness from a laboratory pop-

ulation of these animals; and (c) to assess the results of

such selection in relation to the three kinds of genetic

modifications noted above.

MATERIALS AND METHODS

Animals, Light Cycles, and Routine Maintenance

The study population was established with first- and sec-

ond-generation white-footed mice from a collection of an-
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imals trapped near East Lansing, Michigan (latitude 43#{176}N,

longitude 84#{176}W),in the fall of 1986. These animals were

maintained on long day lengths at 23 ± 1#{176}Cin animal rooms

containing no other animals. Throughout this report, un-

less otherwise specified, long day length refers to a cycle

of 16L: 8D, and short daylength refers to a cycle of 8L: 16D.

Illuminance in our animal rooms varied from approxi-

mately 900 lux in cages near the lights to 400 lux in more

distant cages.
All animals were held in polyethylene cages measuring

29 X 18 X 12 cm and provided with pine shavings to a

depth of about 3 cm and weakly acidified tap water. Preg-

nant and lactating females were fed Wayne Breeder Blox

(minimum fat 10%; minimum protein 20%), Chicago, IL,

and provided with cotton nestlets for additional bedding;

all other animals were fed Purina Formulab 5008 (mini-

mum fat 6.5%; minimum protein 23%), Ralston-Purina Co.,

St. Louis, MO. Some animals were born and raised in port-

able, well-ventilated, light-sealed chambers (204 x 62 X 38

cm; illuminance approximately 800 lux directly beneath lights

to 150 lux in corners). Temperature within these chambers

was within 1#{176}Cof room temperature. Each chamber could

contain up to 21 cages.

Selection Procedures

The first goal of this study was to see if mass selection

could establish two distinct lines of mice, one homoge-

neously reproductively photoresponsive and the other ho-

mogeneously unresponsive. Reproductive responsiveness

vs. unresponsiveness is always defined here in relation to

a mouse’s inability or ability, respectively, to mature repro-

ductively within 70 days when born and reared on short

day lengths. To initiate our selection experiment, the foun-

der animals were paired as adults on long day lengths. Two

weeks later, 7 or more days before parturition, their light

cycle was shifted to short day lengths (because female ro-

dents can pass information about day length to their em-

bryos in utero late in gestation [e.g., 13, 14]). The offspring

resulting from these pairings were defined as the “parental

generation.”

The animals constituting the parental generation were

weaned at 21 days of age and caged individually, still under

short day lengths. At 70 ± 1 days of age, the males were

lightly anesthetized with Metophane (Pitman-Moore Inc.,

Mundelein, IL), and the length and width of one testis were

measured with dial calipers after the scrotum was damp-

ened. Testis length was multiplied by width to provide an

index of testis size. Females were anesthetized with Meto-

phane, and the left ovary and uterine horn were examined

through a small lateral incision into the abdominal cavity.

The female’s reproductive development was scored on a

scale of 1 (tiny ovary lacking large follicles or corpora lutea,

and thread-like uterus) to 5 (large ovary with corpora lutea

or very large provulatory follicles, and uterus 1 mm or greater

in diameter).

On the basis of these assessments, the parental genera-

tion was divided into two stocks. One, the responsive line,

consisted of those individuals that were reproductively im-

mature because of rearing under short day lengths (testic-

ular index <24 mm2; ovarian index 1 or 2). The second,

the unresponsive line, consisted of those individuals that

had matured reproductively despite having been reared on

short day lengths (testicular index >32 mm2; ovarian index

4 or 5). Individuals intermediate between these two con-

ditions were discarded. All mice of both lines were then

transferred to long days to allow the individuals of the re-

sponsive line to mature reproductively. Sixty days later, the

individuals in each line were paired to produce F1 gener-

ations. Mating within each of the two lines was random with

regard to an individual’s testicular or ovarian index, but sib-

ling mating was prohibited.

This procedure was repeated within each line for four

generations. In each generation, only responsive individu-

als from the responsive line were used for breeding in that

line, and only unresponsive individuals from the unre-

sponsive line were used for breeding in that line. The lim-

its of the testicular and ovarian indices that defined re-

sponsive vs. intermediate vs. unresponsive individuals in the

parental generation remained unchanged in all succeeding

generations in both lines.

All animals in the fourth generation were born and reared

in the photoperiod chambers described earlier. In this gen-

eration we added two additional photoperiod treatments

for each line to see if the results we had obtained by se-

lection had actually been due to selection for longer or

shorter critical daylengths. Offspring from the responsive

line were born and reared on 1OL: 14D and 12L: 12D as

well as 8L: 16D, and offspring from the unresponsive line

were born and reared on 4L:20D and 6L: 18D as well as

8L: 16D.

In addition, some fourth-generation mice from each line

were born and reared on long day lengths (16L:8D). This

was done for two reasons. First, these long-day groups served

as a control for potential differences between the two lines

that were unrelated to reproductive photoresponsiveness.

Second, it allowed us to judge whether our unresponsive

line retained some reproductive sensitivity to photoperiod.

In this fourth generation, there were insufficient breeding

pairs in either line to produce all the animals required for

the different treatments in a single breeding. Therefore, the

available pairs were rebred repeatedly, and the litters thus

produced were assigned at random to the different treat-

ments, with no more than one litter from any given pair in

a particular photoperiod treatment.

At 70 ± 1 days of age, all fourth-generation animals were

autopsied. Testes were measured externally with calipers

to obtain a testicular index for comparison with preceding

generations, and the paired testes and paired, fluid-stripped

seminal vesicles were removed and weighed. Counts of

spermatozoa were made from one testis [15]. Likewise, fe-
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FIG. 1. Distribution of individual testicular and ovarian indices in the
parental generation. Individuals with indices above the upper line were paired

to initiate the unresponsive line; those below the lower line were paired to

initiate the responsive line.
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males were first graded macroscopically to obtain an ovar-

ian index, and then their ovaries were examined under a

dissecting microscope; their uteri were removed and

weighed.

Data Analysis

One-way analyses of variance were conducted to com-

pare treatment effects on the continuous variables (body

weight, testicular index, testis weight, sperm count, seminal

vesicle weight, uterine weight). G-tests or Fisher exact tests

were used to compare treatment effect on the categorical

variables (ovarian index, numbers of responsive vs. unre-

sponsive). The sexes did not differ in the proportion of

individuals that were reproductively photoresponsive in any

generation in either selected line. Therefore, data on males

and females were combined for comparisons of propor-

tions that were reproductively photoresponsive across gen-

erations.

Heritabilities and their standard errors were estimated

according to Falconer [16], with reproductive photorespon-

siveness and unresponsiveness treated as threshold char-

acters. Heritabilities were calculated for males and females

separately but combined when there were no sex differ-

ences. We tested the consistency of heritability estimates by

comparing results from two types of data: those from par-

ents/offspring vs. those from the entire population/sib-

ships within the population [16].

RESULTS

Assessment of Reproductive Indices

In order to verify that our testicular and ovarian indices

were acceptable measures of reproductive development, we

compared them with measurements obtained by autopsy of

animals in a pilot study and by autopsy of the fourth-gen-

eration animals. The testicular index was highly correlated
with testis weight (n = 127; R2 = 0.863;p < 0.0001), testis

sperm count (n = 127;R2 = O.786;p <0.001), and seminal

vesicle weight (n = 126; R2 = 0.731;p <0.001). The dis-

tribution of ovarian index scores was strongly bimodal. Less

than 10% of the ovarian index scores were intermediates.

Thus, the ovarian index was essentially an indicator of im-

maturity vs. recent or impending pubertal ovulation or post-

pubertal cycling.

There was no evidence that body weight was related to

any reproductive parameter. For example, body weight was

not correlated with testis weight (n = 128; R2 = 0.007; p

> 0.10) or the ovarian index (Spearman’s test; n = 105; z
= 1.10; p > 0.10). In addition, there were no significant

differences in body weight among treatments. Therefore,

we did not adjust for body weight in any of the analyses

described below.

Effect of Selection on the Proportion of Individuals

Classified as Reproductively Photoresponsive vs.

Unresponsive

After having been reared on short day lengths until 70

days of age, the parental generation of mice showed a wide

range of stages of reproductive development in both sexes

(Fig. 1). As noted earlier, the ovarian index followed a bi-

polar distribution that reflected mostly sexual immaturity

(index scores 1 and 2) vs. actual or imminent sexual ma-

turity (index scores 4 and 5) as defined in relation to the

pubertal ovulation and post-pubertal cycling; there were few

intermediates. In contrast, the testicular index followed a

continuous distribution from very small (testes not palpa-

ble) to scores typical of breeding adults. Forty-six mice clas-

sified as reproductively unresponsive to photoperiod were

paired to produce offspring for the F1 generation of the

unresponsive line, and 52 reproductively photoresponsive

mice were paired to produce the F1 generation of the re-

sponsive line. Not all pairs produced offspring. In the F1,

F2, F3, and F4 generations, respectively, 21, 16, 10, and 16

pairs contributed litters to the unresponsive line, and 8, 8,

9, and 5 pairs contributed litters to the responsive line. The

low fertility of the parental generation of the responsive

line caused reduced population sizes in that line through-

out the experiment.

Both lines showed a large and statistically significant re-

sponse to the first generation of selection (p < 0.01 for the

proportion of individuals classified as reproductively pho-

toresponsive in each line compared to the parental gen-

eration), but no further change of consequence over the

next three generations (Fig. 2). In each of the four gen-

erations of the reproductively photoresponsive line, 76-83%

of the individuals were classified as reproductively photo-
responsive, as defined by our criteria. In each of the four

generations of the unresponsive line, only 8-22% of the
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seen in Figure 3, the parental generation and the F gen-

erations of the responsive and unresponsive lines were all

characterized by the same range of variation despite the

shifts in median testis size produced by selection. The three

frequency distributions shown in Figure 3 are significantly

different when tested by ANOVA (p < 0.0001). Despite the

high proportion of F4 males from the responsive line that

had small testes when reared in short days (Fig. 3), only

one of sixteen lacked spermatozoa and elongate spermatids

entirely.

Heritability

Initially, heritability of reproductive photoresponsive-

P F1 F2 F3 F4 ness was 100 ± 20% and that of unresponsiveness was 90

± 20% as calculated from the parental generation and their

GENERATION offspring. Heritabilities calculated using sibling analysis

FIG. 2. Percent of individuals, males and females combined, that were (whole-population/siblings-of-affecteds) were quite differ-
classified as reproductively photoresponsive in each selected line over four ent: 40 ± 40% for reproductive photoresponsiveness and,
generations of selection. Sample sizes in generations F1, F2, F,, and F4, re- for unresponsiveness, an unreasonable value of 145 ± 30%.
spectively: responsive line-28, 32, 35, and 24; unresponsive line-69, 74,

61, and 50. In subsequent generations in both lines, heritabilities cal-
culated in both ways were lower, fluctuating around zero.

individuals were classified as reproductively photorespon-

sive, as defined by our criteria. In each of the four gener-

ations of the unresponsive line, only 8-22% of the individ-

uals were classified as reproductively photoresponsive, again

as defined by our criteria.

Effect of Selection on Range of Variation

Selection over four generations had no significant effect

on the total range of variation seen in the testicular indices

of animals in either line reared in short day lengths. As

Effect of Selection on Factors Unrelated to

Photoresponsiveness

In order to confirm that the changes observed in our

two selected lines of mice were apparent only in short-day

animals and that we were not selecting inadvertently for

large vs. small size of reproductive organs, etc., we raised

some fourth-generation offspring from both lines in long

daylengths. As can be seen in Table 1, in long-day animals

the two lines did not differ in any reproductive measure

obtained from either males or females.
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FIG. 3. Frequency distribution of testicular indices of individuals in the parental generation vs. the F4 generations

of the responsive vs. the unresponsive lines, all when reared on short day lengths (LD8:16). N = 72 for the parental
generation, 16 for the responsive line F4 generation, and 25 for the unresponsive F4 generation. The distributions
shown are essentially unchanged by the inclusion of males from the unresponsive line F4 generation raised in shorter

day lengths of 4L:20D and 6L:18D or from the responsive line F4 generation raised in day lengths of 1OL:14D and
12L:12D.



TABLE 1. Reproductive measures (mean ± SE) of 70-day-old male and
female Peromyscus leucopus from the fourth generation of the

responsive and unresponsive lines when reared under long days

(16L:8D).
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Unresponsive

line

Responsive

line p

Male In) (17) (14)

Body weight (g) 22.0 ± 0.7 21.6 ± 0.8 NS

Paired testis weight 1mg) 360 ± 23 360 ± 24 NS

Paired seminal vesicle
weight (mg) 46 ± 5 42 ± 5 NS

Testis sperm countb 34 ± 3 37 ± 3 NS

Female (n) (16) (10)
Body weight (g) 20.7 ± 0.8 21.4 ± 1.7 NS

Uterine weight 1mg) 40 ± 4 47 ± 5 NS
% Ovulatory 100 100 NS

‘NS indicates no significant difference (p > 0.10) between the two lines.
bIn millions per testis.

Effect of Selection on Critical Day Length

As noted earlier, in theory one could change the pro-

portion of photoresponsive vs. unresponsive individuals in

a population just by selecting for a critical day length be-

yond that at which animals are tested. To determine whether

this happened in our selection experiment, some fourth-

generation individuals from the unresponsive line were born

and raised on 4L:20D and 6L: 18D, as well as on 8L: 16D

cycles. If, indeed, the decrease seen in the proportion of

photoresponsive individuals in this line was actually due to

selection for critical day lengths below 8L: 16D, then rear-

ing young on shorter day lengths should have increased the

proportion of photoresponsive individuals relative to that

seen for 8L: 16D. As can be seen in Table 2, this was not

the case. Furthermore, again as shown in Table 2, autopsy

revealed no significant differences in any reproductive

measure obtained in either sex in animals raised on these

three photoperiods.

Similarly, some individuals from the responsive line were

born and raised on IOL: 14D and 12L: 12D, as well as 8L: 16D

cycles, to determine whether rearing young on longer day

lengths would reduce the proportion of individuals defined

as reproductively photoresponsive relative to that seen for

8L: 16D. Again, this was not the case, and again as shown

in Table 2, autopsy revealed no significant difference in an-

imals raised on the three photoperiods.

Effect of Selection on Degree of Response to Photoperiod

As noted in the introduction, the underlying genetic ba-

sis for differences in reproductive photoresponsiveness could

be either qualitative (individuals either absolutely respon-

sive or absolutely unresponsive) or quantitative (continu-

ous variation from completely responsive to completely un-
responsive individuals). There is evidence that our selection

was characterized at least in part by quantitative changes in

responsiveness to photoperiod. Fourth-generation males

of the unresponsive line born and reared in long days had

higher sperm counts, larger testes, and larger seminal yes-

ides than fourth-generation males from the same line born

and reared in short days (Table 2;p < 0.0001 for all three

comparisons). As shown in Figure 4, this difference could

not be accounted for by just the presence of the small sub-

set of males in the unresponsive line that were acutely re-

sponsive to photoperiod: the difference between the two

groups of males was highly significant even after these par-

ticular males were removed (p <0.0001). Apparently most

fourth-generation males in the unresponsive line were still

somewhat reproductively responsive to short day lengths,

but not to the same extent as those in the responsive line.

TABLE 2. Reproductive measures (mean ± SE) of 70-day-old male and female Peromyscus leucopus from the fourth generation of both the responsive

and unresponsive lines reared under different day lengths. When interpreting this table, it should be remembered that 13-37% of the individuals

included in each line were not of the phenotype selected for in that line (i.e.,unresponsive individuals in the responsive line and vice versa).

Unresponsive line Respon sive line

4L:200 6L:18D 8L:16D p’ 8L:16D 1OL:14D 12L:120 �b

Male In) (16) (19) (25) (16) (10) (11)

Body weight (g) 20.3 ± 1.1 20.0 ± 0.8 21.0 ± 0.7 NS 20.6 ± 0.9 23.5 ± 2.0 20.2 ± 2.0 NS NS

Paired testis weight 1mg) 211 ± 29 227 ± 23 199 ± 21 NS 133 ± 23 145 ± 28 102 ± 16 NS 0.05

Paired seminal vesicle

weight (mg) 20.5 ± 3.8 21.1 ± 3.7 19.5 ± 3.2 NS 9.8 ± 3.4 8.9 ± 2.4 7.3 ± 2.4 NS 0.05

Testis Sperm Count4 19 ± 3.4 19 ± 3.2 16 ± 2.4 NS 6.7 ± 1.9 12.5 ± 4.6 4.4 ± 1.4 NS 0.01

Female (n) (15) (11) (25) (8) (7) (13)

Body weight (g) 19.1 ± 1.2 20.7 ± 1.4 19.2 ± 0.9 NS 21.7 ± 2.3 18.1 ± 1.4 19.5 ± 1.1 NS NS

Uterine weight 1mg) 28 ± 5 26 ± 5 26 ± 4 NS 5 ± 1 14 ± 8 16 ± 4 NS 0.01

% Ovulatory 93 91 72 NS 13 43 46 NS 0.01

Proportion of individuals

reproductively photoresponsive 13 13 24 NS 79 63 63 NS 0.0001

�Significance levels for comparison of day length treatments within the unresponsive line.
bSignificance levels for comparison of day length treatments within the responsive line.

cSignificance levels for the comparison of the 8L:1 6D treatments between the unresponsive and responsive lines.

din millions per testis.

As classified by criteria described in the text: both sexes are included here.
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Testes Weight (mg)

FIG. 4. Frequency distribution of testes weights of fourth generation

males of the unresponsive line when reared on long (open bars) vs. short

(closed bars) day lengths (n = 17 and 19, respectively). Six animals defined

as responsive by our criteria were removed from the short-day category.

With those animals included In = 25), the percentage in each category is

as follows: 16%, <100 mg; 36%, 101-200 mg; 28%, 201-300 mg; 16%,
301-400 mg; and 4%, >400 mg.

DISCUSSION

Strong selection for or against reproductive photores-

ponsiveness requires the use of selection criteria that clearly

distinguish fertile from infertile individuals. The standard

indices we used to classify individuals as reproductively

photoresponsive or unresponsive probably allowed us only

to approach that ideal. In female mice, the pattern of re-

productive development is one of slow, almost impercep-

tible change over a prolonged period of time, followed by

a dramatic 3- or 4-day acceleration that culminates in ovu-

lation, an event easily detected with laparoscopy. We could

not have made the mistake of classifying a reproductively

photoresponsive female as an unresponsive individual: the

former would have an immature reproductive tract, and the

latter would have a mature tract. It is conceivable, however,

that an occasional female classified as reproductively pho-

toresponsive might actually have been unresponsive to short

day lengths, and Just aberrantly slow In its development.

There could not have been many such females, however;

our choice of 70 days of age for determining whether pu-

berty had been suppressed by short day lengths Is well af-

ter the age of flrst ovulation for females maintained on long

day lengths.

In contrast to females, males mature gradually, and the

attainment of fertility ill this sex Is often not a precisely

defined event. Sexual behavior rather than gamete produc-

tion Is usually the last component of reproduction to ma-

ture in males [7j; thus It is difficult to determine when func-

tional fertility has been achieved in the absence of repeated

behavioral tests. The testicular indices we used to define

males as reproductively photoresponsive vs. unresponsive

were necessarily chosen somewhat arbitrarily, and they re-

flect primarily our judgment of potential fertility. Our rou-

tine elimination of males categorized as intermediates should

have countered this arbitrariness to at least some degree,

however.

Even given these limitations, we can draw four major

conclusions from our data. First, selectable heterogeneity

of reproductive photoresponsiveness exists in the geo-

graphical population of Peromyscus leucopus from Michi-

gan that furnished the founders of our breeding stock. This

does not imply that such heterogeneity would occur in all

other populations of this species [see 2], nor even in all

A other local populations of this species in Michigan.
Second, much of the variation in reproductive photo-

responsiveness we observed in our stock of white-footed

mice may be controlled by a single locus. Our first gen-

eration of selection yielded a dramatic change in the pro-

portion of individuals classified as reproductively photo-

responsive in both lines, but little change was seen thereafter.

Our heritability estimates reflected these trends; heritability

was high in the first generation of selection and low there-

after. Heritability is estimated by determining the amount

of additive genetic variance relative to the total variance for

a trait within a population. The former is that fraction of

the total variance that is readily amenable to change by di-

rectional selection, and the latter includes all the remaining

variance, both genetic and environmental. The heritability

of a trait will approach zero as additive genetic variation is

eliminated by selection. The consistency of a heritability es-

timate calculated by different methods should provide some

indication of the validity of underlying assumptions. We cal-

culated heritability estimates in two ways, and the estimates

were inconsistent. Additionally, our heritability estimates for

the first generation seem unreasonably high, including one

that is impossibly high (greater than 100%). This particular

set of characteristics suggests a violation of the assumption

that no single genetic locus has a disproportionately large

effect. Our results can thus be explained most simply by

pp�-i1�ipg th� �i�nc� pf Qn� parucMlar v�riahk 1�c�is
that exerts a relatIvely large effect 1161. We are not sug-

gesting here that the complex pathway underlying repro-

ductIve photoresponslveness is controlled entirely by a sIn-

gle locus; undoubtedly many locI arc Involved. We do

suggest, however, that In our stock of whlte-tboted mice

there Is variation in one locus that Is both particularly In-

fluentlal and readIly susceptible to selection.

Third, our success In selectIng for and agaInst repro-
ductIve photoresponsiveness was due at least in part to

quantitative changes In responsIveness to photoperlod. Al-

ter four generations of selection, the males in our unre-

sponsIve lIne thai were classifIed as reproductively unre-

spon.sive still showed some diminishment of testIs size when
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reared on short day lengths (Fig, 4). That is, they were still

somewhat reproductively photoresponsive, just not as much

so as most of the males in our responsive line. Importantly,

there is no doubt here that our selection acted on repro-

ductive photoresponsiveness per se, and not on factors that

can also vary independently of photoperiod, such as the

size of reproductive organs. The differences between the

F4 generations of our responsive and unresponsive lines

disappeared entirely when these animals were reared on

long day lengths (Table 1). The degree to which qualitative

changes in responsiveness contributed to the success of our

selection is not known, but as we demonstrated, alteration

of critical day length was not a contributing factor here.

Fourth, it follows logically from the preceding two con-

clusions that in our stock of white-footed mice we appar-

ently are not dealing with just two phenotypes or geno-

types-absolutely reproductively photoresponsive and

absolutely unresponsive-but with an array of individuals

that differ in the degree to which they are reproductively

photoresponsive. This, of course, is not the perspective we

employed when designing our selection paradigm, which

was structured to classify individuals as either strictly re-

productively photoresponsive or unresponsive. After the fact,

three questions seem particularly important: are any wild

populations of white-footed mice truly homogeneous for

absolute reproductive photoresponsiveness or absolute un-

responsiveness; how common are populations character-

ized by genetic gradations in reproductive photorespon-

siveness; and, finally, what is the biological significance of

the intermediate gradations? Desjardins and Lopez 141 and

Blank and Desjardins [171 have presented interesting ideas

on the last question.

Given the state of our knowledge at this time, it seems

reasonable to speculate here about the occurrence and

maintenance of genetic variation in reproductive photores-

ponsiveness in a population of rodents in the wild. Most of

what we know about this phenomenon has been learned

by studying three genera, Peromyscus, Microtus, and Cleth-

rionomys. Two kinds of evidence suggest that heteroge-

neity of reproductive photoresponsiveness must be rela-

tively common in wild populations of these genera above

350 N latitude: direct documentation by challenging wild

stocks with different photoperiods in the laboratory, and

observations of occasional winter breeding in species pre-

sumed for one reason or another to be photoresponsive.

In the first regard, as noted earlier, heterogeneity of re-

productive photoresponsiveness has been documented sev-

eral times now in three genera 13, 6, 18-20]. Indeed, het-

erogeneity of this trait has seldom not been found when

searched for diligently. Perhaps indicative of the correla-

tion between heterogeneity in this trait and latitude is the

study by Lopez and Desjardins [19,201, who found that most

but not all of the individual deermice (P. maniculatus) they

collected at 530 N were reproductively photoresponsive;

about half of the individuals were responsive and half un-

responsive at 44#{176}N, but none of those collected at 30#{176}N

were responsive.

Most Microtus and Peromyscus living above 35#{176}N exhibit

spring and summer breeding seasons. Correlatively, some

early studies concluded that several species of these two

genera are reproductively photoresponsive [e.g., 21,221, and

most have been presumed to be so for decades. Neverthe-

less, occasional winter breeding has often been reported

in these animals [reviewed, 71, several times even above the

Arctic Circle in Finland [23]. Individuals engaging in such

winter breeding obviously could not be absolutely repro-

ductively photoresponsive. They must be reproductively

unresponsive to photoperiod, to at least some degree, and

fortunate enough to be occupying an exceptionally per-

missive microhabitat. All things considered, then, within-

population heterogeneity in reproductive photoresponsive-

ness is not a rare condition in Peromyscus and Microtus.

One can ask how and why selection might fail to elim-

inate either reproductive photoresponsiveness or unre-

sponsiveness from local populations of rodents. The selec-

tive advantages and disadvantages associated with

photoresponsiveness have often been considered previ-

ously [e.g., 10, 17, 24-271. The selective advantage of pho-

toperiodic control is that it can trigger changes in impor-

tant reproductive and survival functions in advance of

predictable changes in food availability and climate. Being

unresponsive to photoperiod promotes opportunistic win-

ter breeding in good years and good microhabitats, but it

undoubtedly also decreases the probability of survival out-

side of such exceptional circumstances. From an evolution-

ary standpoint, the risks of winter breeding must be bal-

anced against the low probability of survival to the next

favorable season for breeding.

Against this background, there are at least three reasons

why heterogeneity of reproductive photoresponsiveness

might be maintained in a local population of small rodents

without one trait being fixed at the expense of the other.

First, the habitats of concern here are subject to consid-

erable year-to-year and locale-to-locale variation in climate

and food availability [e.g., 28, 291. Reproductive photores-

ponsiveness might prove to be the most advantageous strat-

egy in some locales in some years, whereas opportunistic

breeding is more advantageous in other locales or other

years. Second, as suggested by our data, reproductive pho-

toresponsiveness is apparently under complex, presumably

multigenic, control and therefore inherently difficult either

to establish or eliminate completely. Third, while mating

between divergent phenotypes would not be random dur-

ing the winter (when only individuals that are at least

somewhat unresponsive to photoperiod could breed), it

undoubtedly would be random during the normal spring!

summer breeding season when most of the population’s

reproduction is accomplished. Thus one can visualize se-

lection operating here on a seasonal basis such that any

genetic gains accomplished by a particular phenotype dur-
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ing the winter would be dampened to some degree by ran-

dom breeding during the normal breeding season.

As a final comment, given our present knowledge, it may

no longer be reasonable to speak of particular species of

small, short-lived rodents from the higher latitudes of the

temporate zone as being either reproductively photores-

ponsive or unresponsive [e.g., 6]. The kind of variation seen

in Peromyscus, Microtus, and Cletbrionomys may be typical

of other species as well. An important question now is

whether variability in reproductive photoresponsiveness also

characterizes longer-lived species and those shorter-lived

species from the lower latitudes of the temperate zone and

the tropics.

ACKNOWLEDGMENTS

We thanks. Beckwith, K Hoskins, and R Vaughn for expert technical assistance.

G. R Haigh assisted in procedures during the P-F2 generations of selection. R. Go-

mulkiewicz, C. Jenkins, and M. Kerbeshian provided valuable suggestions or com-

ments.

REFERENCES

1. Des(ardins C, Lopez Mi. sensory and nonsensory modulation of testis function,

In: Steinberger A, Steinberger E (eds.), Testicular Development, Structure and

Function. New York: Raven Press; 1980: 381-388.

2. Lynch GR. Heath HW, Johnston CM. Effect of geographical origin on the pho-

toperiodic control of reproduction in the white-footed mouse Peromyscus leu-

copus. Biol Reprod 1981; 25:475-480.

3. Dark J, Johnston PG. Healy M, Zucker I. Latitude of origin influences photope-

riodic control of reproduction of deer mice (Peromyscns maniculatus). Biol Re-

prod 1983; 28:213-220.

4. Desjardins C, Lopez MJ. Environmental cues evoke differential responses in pi-

tuitary-testicular function in deer mice. Endocrinology 1983; 112:1398-1406.

5. Nelson RJ. Photoperiod-nonresponsive morphs: a possible variable in microtine

population-density fluctuations. Am Nat 1987; 130(3):350-369.

6. Takha KM, Teravainen T. Intraspecific heterogeneity in the reproductive re-

sponse to different photoperiods in male red backed voles (Cleibrionomys

rutilus): an in vitro study on testicular steroidogenesis. Aquilo Ser Zoo) 1990;

28:1-9.

7. Bronson FH. Mammalian Reproductive Biology. Chicago: University of Chicago

Press, 1989: 325 pp.

8. Desjardins C, Bronson FH, Blank JL. Genetic selection for reproductive photo-

responsiveness in deer mice. Nature 1986; 322:172-173.

9. Spears N, Clarke JR Selection in field voles (Miaotus agnatis) for gonadal growth

under short photoperiods. J Anim Ecol 1988; 57:61-70.

10. Lynch GR, Lynch CB, Kliman RM. Genetic analysis of photoresponsiveness in the

Djungarian hamster, Phodopus sungorus. J Comp Physiol 1989; 164:475-481.

11. Tamarkin L, Baird CJ, Alemeida OFX. Melatonin: a coordinating signal for mam-

malian reproduction? Science 1985; 227:714-720.

12. Binklev S. The Pined: Endocrine and Neuroendocrine Function. In: Hadley ME

(ed), Prentiss Hall Endocrinology Series. Englewood Cliffs, NJ: Prentiss Hall; 1988:

304 pp.

13. Horton TH. Growth and reproductive development of male Microtus montanus

is affected by prenatal photoperiod. Biol Reprod 1984; 31:499-504.

14. Stetson MI-I, Ray SL, Creyaufmiller N, Horton TH. Maternal transfer of photope-

riodic information in Siberian hamsters. II. The nature of the maternal signal,

time of signal transfer, and the effect of the maternal signal on peripubertal

reproductive development in the absence of photoperiodic input. Biol Reprod

1989; 40:458-465.

15. Kirton, KT, Desjardins C, Hafs HD. Distribution of sperm in male rabbits after

various ejaculation frequencies. Anat Rec 1967; 158:287-292.

16. Falconer DS. Introduction to Quantitative Genetics. New York: John Wiley & Sons,

1989: 438 pp.

17. BlankJL, Desjardins C. Photic cues induce multiple neurocndocrine adjustments

in testicular function. Am J Physiol 1986; 250:R199-R206.

18. Clarke JR Long and short term changes in gonadal activity of field voles and

bank voles. Oikos 1977; 29:457-467.

19. Lopez MJ. Reproductive and temporal adaptations to seasonal changes in the

deermouse, Peromyscus maniculatus. Austin, TX: University of Texas, 1981. PhD

Dissertation.

20. Desjardins C. Latitudinal gradients in the responsiveness of the rodent repro-

ductive system to photic stimuli. Biol Reprod 1981; 24(suppl 1):23A.

21. BakerJR, Ransom RM. Factors affecting the breeding of the field mouse (Microtus

agrestis): 1. Light. Proc Roy Soc (Lond.) 1932; B. 110:313-322.

22. Whitaker WL. Some effects of artificial illumination on reproduction in the white-

footed mouse Peromyscus leucopus novaboracensis. J Exp Zool 1940; 83:33-60.

23. Kaikusalo A, Tast J. Winter breeding of microtine rodents at Kilpisjarvi, Finnish

Lapland. Spec Publ Cam Mus Nat Hist 1984; 10:243-250.

24. Sadleir, RMFS. The Ecology of Reproduction in Wild and Domestic Mammals.

London: Methuen; 1969.

25. Negus NC, Berger PJ. Environmental factors and reproductive processes in mam-

malian populations. In: VerlardoJT, Kasprow BA (eds.), Biology of Reproduction:

Basic and Clinical Studies. New Orleans: Pan American Association of Anatomy;

1972: 89-98.

26. Kenagy GJ, Bartholomew GA. Seasonal reproductive patterns in five coexisting

California desert rodent species. Ecol Monogr 1985; 55(4):371-397.

27. Lincoln GA, Short RV. Seasonal breeding: nature’s contraceptive. Rec Prog Horm

Res 1980; 36:1-52.

28. Gashwiler JS. Deer mouse reproduction and its relationship to the tree seed

crop. Am MidI Nat 1979; 102:95-104.

29. Millar, JS, Gyug LW. Initiation of breeding by northern Peromyacus in relation

to temperature. Can J Zool 1981; 59:1094-1098.




