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Abstract

Biotic invasions provide a natural experiment in evolution: when invasive

species colonize new ranges, they may evolve new clines in traits in

response to environmental gradients. Yet it is not clear how rapidly such

patterns can evolve and whether they are consistent between regions. We

compare four populations of the invasive cabbage white butterfly (Pieris

rapae) from North America and Japan, independently colonized by P. rapae

150 years ago and 300 years ago, respectively. On each continent, we

employed a northern and southern population to compare the effects of lati-

tude on body mass, development rate and immune function. For each popu-

lation, we used a split-sibling family design in which siblings were reared at

either warm (26.7 °C) or cool (20 °C) temperatures to determine reaction

norms for each trait. Latitudinal patterns in development time were similar

between the two continents. In contrast, there were strong geographical dif-

ferences in reaction norms for body size, but no consistent effects of lati-

tude; there were no detectable effects of latitude or continent on immune

function. These results imply that some life history traits respond consis-

tently to selection along climatic gradients, whereas other traits may

respond to local environmental factors, or not at all.

Introduction

Latitudinal and altitudinal clines in traits are common

in many populations and species, and there is signifi-

cant evidence for genetic differentiation in response to

climate (Mooney & Billings, 1961; Jonas & Geber,

1999; Caicedo et al., 2004). Consistent latitudinal clines

across species and continents provide compelling evi-

dence for the efficacy and predictability of natural

selection (Pegueroles et al., 1995; Gilchrist et al., 2001).

But how rapidly can such clines evolve? The answer is

important for understanding both the establishment of

spatial patterns and evolutionary responses to environ-

mental change.

Introduced species provide a natural experiment to

test whether evolution follows predictable patterns, par-

ticularly when an exotic species becomes established

and rapidly colonizes a new region or continent (John-

ston & Selander, 1964; Baker & Stebbins, 1965; Par-

sons, 1983). If traits evolve in introduced populations

in latitudinal patterns parallel to those in the native

range, it would support the hypothesis that environ-

mental correlates of latitude dominate as a selective

force on life history traits. However, if unique latitudi-

nal patterns evolve after an introduction event, this

would suggest that local biological communities and

founder effects shape adaptation in traits. There is some

evidence that clines in fitness traits can rapidly emerge

after an invasion event (Gomi & Takeda, 1996; Maron

et al., 2004, 2007). Studies of multiple, independent

invasions or introductions that occur on different conti-

nents are particularly valuable in evaluating evolution-

ary predictability. For example, Drosophila subobscura,

a European species introduced to both North and South
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America, developed clines in wing size on both conti-

nents similar to those of the European populations in

within two decades of introduction (Gilchrist et al.,

2001; Gilchrist & Huey, 2004). However, there have

been few studies of multiple invasion events, where

evolution in several invasive populations along envi-

ronmental gradients can be compared.

In this study, we describe evolutionary divergence

and plasticity of life history traits in the invasive cab-

bage white butterfly (Pieris rapae), along a similar latitu-

dinal gradient in the eastern regions of two continents:

North America (Canada and US) and Asia (Japan). Pie-

ris rapae independently invaded and colonized North

America and Japan during the past several centuries

(see below). We focus on three life history traits – body

size, development time and immune function – and

their phenotypic plasticity in response to rearing tem-

perature. By comparing northern and southern popu-

lations of P. rapae at similar latitudes on the two

continents, we test whether geographical differences in

life history are similar on the two continents, suggest-

ing independent, parallel evolutionary adaptation

during the past few centuries in these regions.

Materials and methods

Study populations

The cabbage white butterfly, P. rapae, is native to Eur-

ope, but was introduced to south-eastern Canada in the

1860s and rapidly colonized North America, quickly

spreading over a wide latitudinal gradient (Scudder,

1887). The butterfly has also appeared in descriptions

and sketches by Japanese naturalists since the 1700s

(Kawakatsu et al., 2010), although the exact date of

colonization in Japan from other parts of Asia is

unknown. Japanese populations are now considered a

distinct subspecies of Pieris rapae (P. rapae crucivora)

(Obara et al., 2008; Fukano et al., 2012). Because it is

an agricultural pest in many regions, P. rapae has been

the target of biological control programmes using the

imported European parasitoid wasp, Cotesia glomerata

(Vos & Vet, 2004), which now occurs in both Asia

(including Japan) and North America.

Both climatic and biotic features of the environment

may vary with latitude. For example in P. rapae, mean

annual temperatures are higher and the growing season

is longer in southern than in northern populations, in

both North America (Seiter & Kingsolver, 2013) and

Japan (S.A. Seiter, unpubl. results). In addition, the

frequency of parasitism by C. glomerata declines with

latitude in P. rapae populations (Seiter & Kingsolver,

2013). Many life history traits also exhibit marked phe-

notypic plasticity in response to temperature and other

environmental factors (Angilletta 2009 book). Accord-

ingly, we focus here on three life history traits – body

size, development time and immune function – and

their phenotypic plasticity in response to rearing tem-

perature. Previous studies in North America have docu-

mented population divergence in these life history traits

and their reaction norms in P. rapae (Kingsolver et al.,

2007; Seiter & Kingsolver, 2013). In North America,

high-latitude populations have weaker immune

responses, presumably due to reduced selection by Cotesia

glomerata; we tested whether similar patterns of immune

function exist in Japan. Phenotypic plasticity in body size

has also diverged between populations. For example, in

the ancestral population in Europe and in Washington,

North Carolina and Michigan, individuals were smaller

when reared at high temperatures (a phenomenon

known as the temperature size rule or TSR) (Seiter &

Kingsolver, 2013; but see Kingsolver et al., 2007). By

contrast, Nova Scotia individuals were larger at higher

rearing temperatures, a reversal of the temperature

size rule. By comparing P. rapae across similar lati-

tudes on the two continents, we test whether geographi-

cal differences in life history are similar on the two

continents, suggesting independent, parallel evolution-

ary adaptation during the past few centuries in these

regions.

For these studies, we collected P. rapae crucivora

during June-July 2011 from two areas in Japan: a

northern population (Sapporo, latitude = 43.06°N) and

a southern population (Kyoto, latitude = 35.00°N). In

Sapporo, adult female P. rapae crucivora were collected

from 1 to 15 July from agricultural fields in five loca-

tions near Sapporo University. Field-caught females

were shipped overnight to the Kyoto laboratory

where they were housed in individual cages at 25 °C
and given cabbage leaves (Brassica oleracae) to oviposit

on. An additional sample of P. rapae was collected as

pupae from two localities near Sapporo. These ani-

mals were also shipped overnight to Kyoto, where

they were maintained in the laboratory at 25 °C until

eclosion. Upon eclosion, they were placed together in

a flight cage for 48 h to mate. After they were

observed copulating, females were removed, placed in

individual cages and given cabbage leaves for ovipos-

tion. P. rapae crucivora females from Kyoto were col-

lected from the experimental gardens of the Kyoto

University from 26 June to 15 July, and their eggs

were collected using the same methods as the Sapp-

oro population. Experiments on both populations

were conducted in June-September of 2011. Data for

these two Japanese populations can be compared

with previous data from two populations of P. rapae

rapae in eastern North America (see Seiter & King-

solver, 2013) at similar latitudes: a northern popu-

lation at Nova Scotia (latitude = 45.08°N), collected in

July 2010; and a southern population from piedmont

North Carolina (latitude = 35.91°N), collected in April

2011. The two northern field sites and the two

southern field sites have very similar mean monthly

temperatures (Fig. 1).
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Experiments

To facilitate comparisons, our experimental design mir-

rors that of Seiter & Kingsolver (2013) for North

American populations of P. rapae. To compare thermal

reaction norms for growth, development time and

immune function, we reared caterpillars from the

Sapporo and Kyoto populations at in warm and cool

temperature treatments (20 °C and 26.7 °C). Eggs

were collected daily from females by changing the

cabbage leaves in their cages. Cabbage leaves with

eggs were placed in plastic containers and maintained

in environmental chambers at 25 °C until hatching.

During the first instar (24–48 h after hatching), cater-

pillars from each full-sib family were transferred to

artificial diet and placed in individual petri dishes and

assigned randomly to one of the two experimental

temperature treatments (Troetschler et al., 1985; Snell-

Rood & Papaj, 2009). Caterpillars were fed ad libitum

on artificial diet (Troetschler et al., 1985; Snell-Rood &

Papaj, 2009), and their diet was changed three times

per week to minimize bacterial growth or spoilage.

Petri dishes were checked daily for mortality, and to

identify individuals that had pupated. When an indi-

vidual reached pupation, it was removed from its petri

dish and weighed using standard gravimetric tech-

niques. Pupae were placed in plastic cups on a piece

of damp filter paper, with a moist cotton ball to

reduce desiccation, and returned to their experimental

temperature.

Immune assay

We measured immune function by injecting silica beads

into the caterpillars’ hemolymph. The beads activate

the encapsulation response by haemocytes (insect

immune cells). Assaying immune response by injection

with a foreign body is a common technique in insect

immunology and has been shown to have a significant

correlation with immune response to real parasites and

pathogens (Seiter & Kingsolver, 2013; Diamond &

Kingsolver, 2011; Rantala & Roff, 2005; Smilanich

et al., 2009). We randomly selected caterpillars for the

injection assay at the beginning of the experiment but

reared them in the same incubators using the same

methods as those not selected. Because immune func-

tion in many insects declines immediately prior to

metamorphosis (Beetz et al., 2008), injections were

administered during the first 24 h of the 5th (final)

instar. Individuals developed at different rates in the

two temperature treatments. As a result, caterpillars

were at the same developmental stage, but not the

same chronological age when the assay was adminis-

tered. We used DEAE Sephadex-A25 silica chromatog-

raphy beads (40–120 lm in diameter), from the Sigma

Aldrich corporation (St. Louis Missouri, USA). We dyed

the beads with a 0.1 solution Congo Red Dye and

allowed them to dry completely and then stored the

beads in a freezer to sterilize them and prevent contam-

ination. Beads were mixed in a standard solution of 1 g

of dyed beads and 0.01 L of sterile Grace’s Insect Cell

Culture Medium to standardize the number of beads

each individual received (Sigma Aldrich, St. Louis, MO,

USA). Caterpillars were injected with 5 lL of the bead

solution using a Hamilton 7000 series syringe with a

25-gauge tip. After injection, caterpillars were placed

on fresh diet and returned to the appropriate tempera-

ture and freeze-killed after 24 h. After post-mortem,

beads were extracted from caterpillars by dissection and

mounted on glass slides in a glycerol solution. Encapsu-

lation and bead area were measured using the visuali-

zation program ImageJ (Abramoff et al., 2004; Diamond

& Kingsolver, 2011). Encapsulation (area of haemocyte

aggregation) was assayed as a continuous response vari-

able. Beads were photographed using both Nomarski

differential interference contrast microscopy (DIC) and

fluorescence microscopy (Zeiss LSM 510 confocal

microscope). We used an automated edge selection tool

(magic wand) to determine the area of cellular encap-

sulation on the DIC image and a thresholding tool to

select the area of the fluorescent bead from the fluores-

cence image.

Statistical analysis

All statistical analyses were performed in R (v. 2.11.0).

Using R library nlme, we performed separate linear

mixed-effects models for pupal mass and pupal

Fig. 1 Mean monthly temperature (� 1SE) for the four field sites

from January 2001 to January 2012. Open symbols indicate sites

from northern latitudes, and filled symbols indicate animals from

southern latitudes. North American populations are represented

with squares, and Japan with circles.
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development time, for individuals surviving to pupa-

tion. We included rearing temperature (Cool = 20 °C or

Warm=26.7 °C), latitude (North = 43–45° N or

South=35°N) and continent (Japan or America) as fixed

effects in our model; family was included as a random

effect. To simply presentation and discussion of

results, we refer to each population in terms of its

continent and latitude: that is, Sapporo = Japan-North,

Kyoto = Japan-South, Nova Scotia = America-North

and North Carolina = America-South. For the immune

response models, we calculated the mean encapsulation

area (log-transformed and corrected for bead size) per

individual for use as the response variable in our analy-

ses (Seiter & Kingsolver, 2013). The immune analyses

were performed in R using the library lme4, which uses

a maximum likelihood framework. Thus, we performed

a visual inspection of the residuals of the full model

(which included latitude, continent, temperature, num-

ber of beads and bead size and their interactions) to

ensure good fit and then performed chi-square tests to

compare the full model with models where each of

these terms was omitted. We used generalized linear

models (logit link function) to analyse the survival

data; we included latitude, continent and temperature

as fixed effects and family as a random effect. We per-

formed chi-square tests to compare the full model

(which included latitude, continent and temperature,

and their interactions) with as series of additional

models where each of these terms was omitted.

Results

Development time

We found strong effects of latitude, continent and tem-

perature on development time (Fig 2a). There was a

significant three-way interaction between temperature,

latitude and continent (F1, 34 = 14.56, P = 0.0002) (see

Table S1). In Japan, mean development time was

shorter in the southern (Kyoto) than the northern

(Sapporo) population at both rearing temperatures. By

contrast, in North America, mean development time

was shorter in the Southern population (North Caro-

lina) than in the Northern population (Nova Scotia) at

the cool rearing temperature, but the two populations

were not significantly different at the warm tempera-

ture (Fig. 1b). Linear mixed-effects models revealed sig-

nificant single effects of temperature (F1, 318 = 1142.17

P < 0.0001), continent (F1, 34 = 339.67, P < 0.0001)

and latitude (F1, 34 = 12.74, P = 0.001), and there were

significant interactions between temperature and

continent (F1, 318 = 41.23, P < 0.0001), and between

continent and latitude (F1, 34 = 5.23, P = 0.028), but

not between latitude and temperature (F1, 318 = 1.16,

P 0.282). Generally, development time was shorter in

southern than in northern populations, shorter in

North American than in Japanese populations and

shorter at warmer than at cooler rearing

temperatures.

Pupa Mass

In contrast to development time, our analyses did not

detect consistent latitudinal patterns of plasticity for

body size in North America and Japan (Fig. 2b). How-

ever, there was a strong and significant three-way

interaction between continent, temperature and lati-

tude (F1,34 = 18.70, P = .0001) (Table S1). The main

effects of rearing temperature (F1,319 = 0.89, P = 0.35),

continent (F1,34 = 3.35, P = 0.08) and latitude

(F1, 34 = 3.32, P = 0.08) on pupal mass were weak or

nonsignificant (Table S1). The two-way interactions

(a) (c)(b)

Fig. 2 Development time (a) and Pupa Mass (b) and Immune Function (c) as a function of rearing temperature. Open symbols indicate

animals from northern latitudes, and filled symbols indicate animals from southern latitudes. North American populations are represented

with squares, and Japan with circles. (a) Mean (� 1SE) development time (in days). (b) Mean (� 1SE) body mass at pupation (in mg).

(c) Mean (� 1SE) cellular encapsulation as a function of temperature.
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between temperature and latitude (F1, 34 = 0.042, P =
0.84), between continent and temperature (F = 3.55,

P = 0.061), were nonsignificant or weak, although

there was a significant interaction between continent

and latitude (F = 5.28, P = 0.0279). In general, popula-

tions from different continents and latitudes had similar

masses at 20 °C, but not at 26.7 °C. However, the pat-

terns at high temperature differed by continent and lat-

itude. Specifically, at 26.7 °C, mean pupal mass was

larger for the Japan-South (Kyoto) and America-North

(Nova Scotia) populations, but smaller for the Japan-

North (Sapporo) America-South (North Carolina) popu-

lations. In short, Japanese and North American popula-

tions had opposite latitudinal patterns of thermal

reaction norms for body size.

Immune function

We did not find significant effects of temperature, con-

tinent or latitude on immune function, nor did we

detect significant interactions between these factors

(Table 1a). Individuals that received more beads as part

of the assay mounted a significantly stronger immune

response (Table 1a). We note that the standard errors

on our estimates are quite large, making it difficult to

detect any true patterns in these data (Fig. 2c).

Survivorship

The generalized linear model demonstrated significant

effects of population and temperature on survival to

pupation (Table 1b). We found that temperature and

continent had significant effects on survivorship, but

that latitude did not (Table 1b). Mean survivorship was

greater for North American than for Japanese popula-

tions and was greater at warm than cool rearing

temperatures. Additional analyses indicated that two-

or three-way interactions were not significant.

Discussion

There is abundant evidence for latitudinal clines in

body size and other life history traits in numerous taxa

(Blanckenhorn & Demont, 2004a). These clines are

usually interpreted in relation to climatic gradients, but

some studies also emphasize potential changes in biotic

interactions with predators and parasites that covary

with latitude (Kraaijeveld & Godfray, 2001; Ardia,

2007; Corby-Harris & Promislow, 2008; McKinnon

et al., 2010). Recent studies of exotic species show that

such latitudinal patterns can evolve rapidly in a few

decades, re-establishing latitudinal clines in traits that

parallel those found in the native range. Field studies of

invasive St. John’s Wort in its native range in Europe

and its introduced range in North America found paral-

lel latitudinal clines in percentage leaf nitrogen, but not

for other traits such as leaf carbon and leaf area,

whereas in controlled greenhouse conditions, additional

clines were detected in root and aboveground biomass

(Maron et al., 2004, 2007). Further, Maron et al. (2004)

found that clines could also change direction from year

to year, due to differences in rainfall and temperature.

Our studies with P. rapae also suggest that parallel

clines evolved within a timescale of a few centuries for

some life history traits, but not in others. We found

that P. rapae in Japan and North America had estab-

lished parallel clines for development time, but not for

body size or immune function. Southern populations

on both continents developed faster than northern pop-

ulations, with the exception of North America in the

Table 1 The effect of temperature, continent and latitude on immune function (a) and survivorship (b). The AIC for the full model for

immune function was 177.9 and the log likelihood was �76.94. The AIC for the full model for survivorship was 1128.5 and the log

likelihood was �555.28. Statistically significant values are in bold.

Model DF DAIC

DLog

Likelihood v2 v2 d.f P-value

1a: Immune function

Full model (fixed effects: temperature, latitude,

continent, bead number, bead size)

12 0 0

Full model minus latitude 8 �4 �2.01 4.0268 4 0.4024

Full model minus continent 8 �4.94 �1.54 3.0864 4 0.5435

Full model minus temperature 8 �5.96 �1.03 2.0645 4 0.7239

Full model minus bead number 11 +39.65 �20.83 41.67 1 <0.0001

Full model minus bead size 11 �1.92 +0.05 0.1082 1 0.7422

1b: Survivorship

Full model (fixed effects: temperature, latitude,

continent)

9 0 0

Full model minus latitude 5 �1.6 �3.17 6.34 4 0.1752

Full model minus continent 5 +25.3 �16.64 33.297 4 <0.0001

Full model minus temperature 5 +19.2 �13.56 27.133 4 <0.0001
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warm temperature treatment (Fig. 2, Table 1). This

supports the hypothesis that longer growing seasons at

lower latitudes selects for more rapid development,

allowing more generations to be completed each year

(Seiter & Kingsolver, 2013). For example, in our P. ra-

pae study populations, the mean number of generations

per year varies from six (southern) to three (northern)

in Japan and from five (southern) to two (northern) in

North America. This latitudinal pattern in development

time has been documented in a number of temperate

insects (Nygren et al., 2008; Blanckenhorn & Demont,

2004b; Seiter & Kingsolver, 2013) and may be particu-

larly likely in systems in which most or all populations

can potentially complete multiple generations each

year. However, rapid growth and development may

also occur in high-latitude and high-altitude popula-

tions to complete a single generation over a short grow-

ing season (Roff, 1980).

By contrast, we did not find consistent latitudinal

patterns in body size (Fig. 2). For example, at the

warm rearing temperature, mean pupal mass was lar-

ger in the northern than in the southern population

in North America; in Japan, mean pupal mass was

larger in the southern than in the northern popula-

tion. In addition, there was a significant interaction

between latitude, continental and temperature, sug-

gesting population differences in thermal reaction

norms for size. Comparative reviews have documented

both Bergman clines (mean size increases with lati-

tude) and reverse Bergman clines (mean size

decreases with latitude) in insects and other ecto-

therms (Angilletta, 2001; Blanckenhorn & Demont,

2004a; Shelomi, 2012). Numerous factors can affect

the evolution of body size in ectotherms, including

diet quality and life history trade-offs among survival,

fecundity, development time and body size. Gilbert

(1984, 1988) studied population differentiation in

body size for several European and Australian popula-

tions of P. rapae and found no differences in reaction

norms or means for body mass between populations.

The divergence in mean and plasticity in body size

reported here likely reflects recent evolutionary

responses to local conditions. Whether these size dif-

ferences reflect adaptation to local environmental con-

ditions, or indirect responses to selection on other,

correlated traits, remains unknown (see below).

Development time and body size are often positively

correlated, although counter examples are abundant

(Roff, 2002, 2002; Kingsolver et al., 2007, 2012; Still-

well & Fox, 2007; Hu et al., 2012; Shelomi, 2012) In

this study, we found no consistent relationship

between body size and development time at the pop-

ulation level (Fig. 1). In addition, correlations within

each population and temperature treatment group

were generally small, ranging from �0.28 to 0.16.

Weak correlations between body size and develop-

ment time permit the independent evolution of these

traits and may explain why development time follows

a latitudinal pattern, whereas body size does not (She-

lomi, 2012).

Latitudinal clines in immune function have been

demonstrated in some insect taxa and are often the

result of local adaptation to parasites (Kraaijeveld &

Godfray, 2001; Corby-Harris & Promislow, 2008; Kra-

aijeveld & Godfray, 1999; but see De Block et al.,

2008). However, in the current study, we did not

detect significant effects of latitude (or its interactions)

on mean immune function: we find no evidence for

parallel clines in immune function on the two conti-

nents (Fig. 2). It is possible that the lack of observed

differences in immune function may reflect differences

in the strength of selection by parasitoids on the two

continents. Although field surveys indicate that parasit-

oid prevalence is lower in northern Japan as it is in

North America, there is evidence that Cotesia glomerata

from Sapporo use a greater range of butterfly host spe-

cies and are more resistant to encapsulation defences

(Sato, 1977, 1978; Tanaka et al., 2007). The observed

variation in immune function may be the result of

adaptation to different parasitoid host strains. Alter-

nately, different abiotic and biotic factors may shape

investment in immune function in Japan and North

America.

Invasive species undoubtedly experience selection

from novel abiotic and biotic environments. Results

from our experiments with P. rapae demonstrate that

for some traits, latitudinal patterns are maintained or

can evolve rapidly within a few centuries. However,

clinal patterns of adaptation may vary by trait, or by

region. Further, some traits conform to predictions

about climate adaptation, whereas others do not. Addi-

tional work is needed to understand which traits estab-

lish latitudinal clines during biotic invasions and which

do not. Understanding this heterogeneous pattern of

trait evolution in response to selection by climate gradi-

ents is important both in the study invasive species and

for predicting how native species will respond to

climate change.
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