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Abstract
Nutritional enhancement of crops using genetic engineering can potentially affect herbivo-

rous pests. Recently, oilseed crops have been genetically engineered to produce the long-

chain omega-3 polyunsaturated fatty acids, eicosapentaenoic acid (EPA) and docosahexa-

enoic acid (DHA) at levels similar to that found in fish oil; to provide a more sustainable

source of these compounds than is currently available from wild fish capture. We examined

some of the growth and development impacts of adding EPA and DHA to an artificial diet of

Pieris rapae, a common pest of Brassicaceae plants. We replaced 1% canola oil with EPA:

DHA (11:7 ratio) in larval diets, and examined morphological traits and growth of larvae and

ensuing adults across 5 dietary treatments. Diets containing increasing amounts of EPA

and DHA did not affect developmental phenology, larval or pupal weight, food consumption,

nor larval mortality. However, the addition of EPA and DHA in larval diets resulted in pro-

gressively heavier adults (F 4, 108 = 6.78; p = 0.011), with smaller wings (p < 0.05) and a

higher frequency of wing deformities (R = 0.988; p = 0.001). We conclude that the presence

of EPA and DHA in diets of larval P. rapaemay alter adult mass and wing morphology;

therefore, further research on the environmental impacts of EPA and DHA production on

terrestrial biota is advisable.

Introduction
Fatty acids (FA) have multifaceted roles in metabolic energy storage, cell membrane structure,
temperature acclimation, cell signalling, cognition, vision, and the immune system in both
aquatic and terrestrial organisms [1–3]. The 18-carbon omega-3 (n-3) and omega-6 (n-6) poly-
unsaturated fatty acids (PUFA), alpha-linolenic acid (ALA; 18:3n-3) and linoleic acid (LNA;
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18:2n-6), respectively, are essential to most animals (including insects; 2), as they cannot be
synthesized de novo, and therefore must be obtained from the diet. The long-chain n-3 polyun-
saturated fatty acids (LC-PUFA), eicosapentaenoic acid (EPA; 20:5n-3) and docosahexaenoic
acid (DHA; 22:6n-3) are involved with key physiological functions in both aquatic inverte-
brates and vertebrates [3], yet most aquatic invertebrates and vertebrates cannot synthesize
these two LC-PUFA at rates sufficient to maintain an optimal state [4]. EPA and DHAmainly
originate in aquatic primary producers (algae) and are generally retained up the food chain via
successive consumption by increasingly higher trophic level organisms [5]. EPA and DHA are
novel to the terrestrial environment, as they are, for the most part, not produced by terrestrial
plants and are not transferred through terrestrial food webs, unless consumed from aquatic
resources or produced endogenously [6, 7].

Although humans (and other vertebrates) have relied on aquatic resources for most of their
EPA and DHA, many wild fish stocks are now at or beyond exploitable limits and cannot fur-
ther increase to satisfy the growing human demand for seafood [8]. While aquaculture is cur-
rently filling this gap between supply and demand, sufficient levels of EPA and DHA in farmed
fish are presently only acquired through the use of fish oil supplied in the feed and which, cur-
rently, is derived mainly from wild fish capture [9, 10]. Therefore, growth of the finfish aqua-
culture industry is increasingly limited by access to sustainable sources of EPA and DHA [11,
12]. Because of the increasing demand for EPA and DHA, science and industry have recog-
nized a need to find alternate methods to produce these essential fatty acids sustainably, i.e.
without relying on over-exploited wild fisheries [11–13]. As a solution to this potential global
shortage, oilseed crops (e.g. canola, Brassica napus L., and camelina, Camelina sativa L.,
Crantz) have been genetically engineered, through insertion of genes derived from algae, to
produce EPA and DHA at levels similar to that of fish oil [14–16]. The oil produced from these
crops can replace traditional, wild-sourced, fish oils used in the production of aquaculture and
livestock feeds, pharmaceuticals, and functional foods [12, 13]. Because EPA and DHA are
largely novel FA at the level of terrestrial primary producers and terrestrial insects [11, 12], and
have not yet entered the agroecosystem, the effects of their consumption on terrestrial insect
growth and development are unknown, and have not been the subject of any scientific study to
date.

Instead, studies of the nutritional consequences of consuming EPA and DHA have focused
on aquatic invertebrates, where these compounds have been shown to exert strong positive
effects on growth and reproduction [3]. Additionally, the FA composition of terrestrial insects
is generally characterized by the absence of 20-carbon (and greater) n-3 PUFA, i.e., lack of EPA
and DHA. In contrast, arachidonic acid (ARA; 20:4n-6), is common in the terrestrial ecosys-
tem, and is known to play a key role in cell membrane structure, reproduction, and immune
function in terrestrial insects [1, 17]. However, the effect of EPA and DHA on the growth,
development, and/or reproduction of terrestrial insects is unknown.

Genetically engineered oilseed crops have reached a mature stage of development at a time
when demand (and costs) for fish oils, from aquaculture and nutraceutical industries, contin-
ues to rise. Simultaneously, it is clear that insect pests, which may be affected by the introduc-
tion of EPA and DHA, represent an ongoing challenge to global food security [18].
Consequently, the purpose of our experiment was to preliminarily assess whether consumption
of EPA and DHA would alter the growth and/or development of an insect pest in a carefully-
controlled laboratory setting. We tested these objectives using a common crop pest, the cab-
bage white butterfly (Pieris rapae L.; Lepidoptera: Pieridae), which consumes leaf tissue and
causes significant and widespread economic damage to plants in the family Brassicaceae,
which include canola and camelina [19]. Based on the known responses of aquatic inverte-
brates to dietary EPA and DHA, we hypothesized that EPA and DHA, provided in artificial
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diets of P. rapae larvae, might similarly affect development resulting in changes in growth rate,
body size or other characteristics. Therefore, our primary objective was to preliminarily assess
the potential effects of dietary EPA and DHA on the growth and development of P. rapae, in
order to better understand the possible impacts of commercial production of novel oilseed
crops on insect pests.

Methods

Study organism
Pieris rapae larvae feed on a narrow range of hosts, mainly in the family Brassicaceae [19]. The
geographic distribution of P. rapae extends across Europe, North Africa, and Asia. It has been
introduced to North America, Australia, and New Zealand, and was brought to Canada in
1860 [20]. The larval stage is an economic pest of Brassica crops, including canola [19]. The lar-
vae appear to prefer cultivated plants over wild plants [21]. The life cycle includes 5 larval
instars, followed by pupation and maturation as an adult butterfly [22]. At 21°C, the time from
egg to adult is ~1 month [22]. Adults live for ~3 weeks [21].

Experimental design
Eggs were obtained from the Carolina Biological Supply Company (Burlington, North Caro-
lina) and were reared according to Webb and Shelton [22] and the instructions provided by the
supplier. Briefly, eggs were kept at 25 ± 1°C and 30% relative humidity, under diapause-induc-
ing conditions (12 h light: 12 h dark). Each egg strip (~20 eggs per strip) was placed, egg-side
down, in a plastic translucent Dixie cup (163 mL) with ~20 mL of diet in the bottom of the
cup. The cups were sealed with lids, each with one hole for ventilation, and one hole plugged
with a Q-tip dipped in water to maintain constant humidity in the container. The eggs hatched
within 24 h of arrival and the larvae remained in the containers with control diet for an addi-
tional 3 days to ensure robustness of the larvae prior to transfer. On the fourth day after hatch,
the larvae were transferred individually (n = 150) into plastic translucent housing cups (60 mL)
with experimental diets (~5 mL of diet each). The experimental units were arranged as a ran-
domized block design in order to control for potential sources of environmental variability in
the room (e.g. light, noise, vibration, etc.), with 25 units per block (6 blocks total), with 5 repli-
cates per treatment in each block, and 30 replicates per treatment total.

Experimental diets
Larvae were provided 1 of 5 dietary treatments, slightly modified fromWebb and Shelton’s
[22] formulation which we calculated to contain ~10% fat (derived entirely from wheat germ).
In the control diet, canola oil was added at 1% of the diet in addition to the estimated 10% fat
supplied from wheat germ. In the experimental diets, EPA and DHA incrementally replaced
canola oil in the following ratios: 0:1 (hereafter referred to as control), 0.25:0.75 (lowest),
0.5:0.5 (low), 0.75:0.25 (medium), and 1:0 (high). We maintained an EPA: DHA ratio of 11:7
in all diets, as this was representative of the ratio found in genetically engineered camelina oil
[16]. However, the total lipid amount in the diet was estimated based on the published formu-
lation for this species [22], consistent with the proven and widely used method of rearing this
species. All dietary ingredients were obtained from Bio-Serv, Inc. (Flemington, New Jersey),
except for EPA and DHA, which was isolated (both at 99% purity) from algae (Matreya LLC,
Pleasant Gap, Pennsylvania).
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Growth and morphology measurements
On the 11th day after hatch, larvae were weighed and placed on fresh diet. On the 18th day after
hatch, larvae were given fresh diet (0.01 g) which was weighed daily until pupation. Larvae
were weighed at the 5th instar, prior to pupation. Pupae were weighed and transferred to a con-
tainer without diet. After the emergence of each individual, the individual butterflies were kept
in their containers up to 48 h to ensure full emergence and wing expansion. Fully emerged but-
terflies were sacrificed by placing them in a -20°C freezer for several minutes until movement
ceased and mortality was presumed. They were then weighed (wet weight) and pinned (the
wings were flattened and gently pressed) to an insect board to measure wing span (forewing
and hindwing; between wing tips), total wing length (forewing base to apex), forewing and
hindwing length (partial length) and body length (tip of head to tip of abdomen), according to
Chai and Srygley [23].

Lipid and fatty acid analysis
After measurements were taken, butterflies were placed individually into 2.5 mL cryogenic
vials and frozen at -80°C; after which they were freeze-dried. Whole, freeze-dried, butterflies
were individually ground to a fine powder, in liquid nitrogen, using a mortar and pestle, and
the ensuing powder was weighed to the nearest microgram. Total lipid was extracted using a
modified Folch et al. [24] method, as in [25]. In brief, each sample was extracted three times,
using 2 mL of chloroform/methanol (2:1; v/v) and then pooled (total 6 mL). Polar impurities
were removed by adding 1.6 mL NaCl solution (0.9% w/v); this layer was discarded following
centrifugation. The resulting lipid-containing solvent was concentrated to 2 mL and 2 aliquots
(100 μL each) were removed and evaporated to dryness to determine total lipid through gravi-
metric analysis. The lipid extract was then prepared for gas chromatography by derivatizing
FA (including EPA and DHA) to FA methyl esters (FAME) using sulfuric acid as the catalyst
[26]. Fatty acid methyl esters were extracted twice using hexane: diethyl ether (1:1; v/v), then
dried under a gentle stream of nitrogen. The dry FAME extract was re-dissolved in hexane and
individual FAME were separated using a gas chromatograph (GC) (Shimadzu-2010 Plus,
Nakagyo-ku, Kyoto, Japan) equipped with an SP-2560 column (Sigma-Aldrich, St. Louis, Mis-
souri). All solvents used in the extraction and FAME derivatization procedures were of high
purity HPLC grade (>99%). FAME in samples were identified by comparison of their retention
times with a known standard (GLC-463 reference standard; Nu-chek Prep, Inc., Waterville,
Minnesota) and quantified with a 5-point calibration curve using this same standard. A known
concentration of 5 alpha-cholestane (C8003, Sigma-Aldrich, St. Louis, Missouri) was added to
each sample prior to extraction to act as a surrogate internal standard to estimate extraction
and instrument recovery efficiency.

Statistical analysis
The experimental units (n = 30 per treatment) were arranged in 6 blocks (n = 25 individuals
per block) following a randomized complete block design (Minitab 16 Statistical Software).
Using ANOVA, we tested the hypotheses that dietary treatment (fixed factor) had an effect on
the response variables, development (time to pupation, emergence, and pupation to emer-
gence) and morphology (larval, pupal, and adult mass, and wing span and length). This design
was also used to test the hypothesis that dietary treatment (fixed factor) affected the fatty acid
amounts in the whole butterfly.

Linear regression and correlation analyses were used to test the direct effect of dietary EPA
and DHA amounts (independent variables) on specific measurements (dependent variables)
(SigmaPlot 11.0, Systat Software, Inc.). The amount of dietary EPA and DHA was used to
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predict adult butterfly mass, as well as the amount of EPA and DHA in the whole butterfly
using linear regression. A Pearson correlation test was conducted to determine if there was a
relationship between dietary treatment and the incidence of wing deformities.

Treatment effect was considered significant when p< 0.05, and, where significant differ-
ences occurred, treatment means were differentiated using the Tukey HSD multiple compari-
son test. The normality, homogeneity and independence of residuals were considered to
evaluate the data and appropriateness of the statistical model used.

Results

Diet composition
Diets contained between 8.1–8.9% total lipid (Table 1). The fatty acid composition of the
experimental diets was almost identical; with the exception of EPA and DHA and total n-3 FA,
which reflected the experimental formulations (Table 1). More complete FA profiles are pre-
sented on a quantitative (μg FA �mg-1 diet dry weight; S1 Table) and proportional basis (%
contribution of individual FA weight out of total quantified FA weight; S2 Table).

Growth, development time and morphology
The number of days between hatch and pupation, between hatch and emergence, and between
pupation and emergence were not different among treatments (Table 2). Larval (just prior to
pupation) and pupal weights were not different among treatments (Table 3). The mortality
rate varied among treatments, but did not increase as a function of dietary EPA + DHA inclu-
sion (Table 2). Food consumption was initially recorded at 18 days post-hatch. However, many
larvae pupated during the first week of food consumption recording. Consequently, food con-
sumption was only recorded for 4 days in order to achieve minimum replication among blocks
and treatments. However, mean daily food consumption was not significantly different among
treatments during that time period (F 4, 18 = 2.88; p = 0.062). Adult weight increased in a linear
fashion with EPA + DHA inclusion, whereby adults reared on the high EPA + DHA treatment
were 20% heavier than those reared on the control treatment. Statistically, adults reared on the
high EPA + DHA treatment were significantly heavier than those reared on low, lowest, and
control treatments; and butterflies in the medium and low EPA + DHA treatment were heavier
than those in the lowest and control EPA + DHA treatments (Table 3).

Table 1. Total lipid (% dry weight) and fatty acid composition (μg FAmg-1 dry weight) of experimental diets1,2 fed to cabbage white butterfly larvae
under laboratory conditions.

Control Lowest Low Medium High

Total lipid 8.1 8.7 8.6 8.9 8.9

18:2n-6 (LNA) 9.9 11.2 10.7 11.8 12.8

18:3n-3 (ALA) 1.7 1.7 1.7 1.7 1.8

20:5n-3 (EPA) 0 0.4 0.8 1.1 1.6

22:6n-3 (DHA) 0 0.3 0.6 0.7 0.8

∑n-3 1.7 2.4 3.0 3.5 3.6

∑n-6 10.1 11.1 10.8 11.0 13.0

1 Values are means of three analytical replicates.
2 Ratio of EPA + DHA to canola oil in experimental diets: Control (0:1), Lowest (0.25:0.75), Low (0.5:0.5), Medium (0.75:0.25), High (1:0).

doi:10.1371/journal.pone.0152264.t001
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Wing deformities were observed in a number of butterflies. Wings were considered
deformed if they were significantly smaller and/or were wilted, folded, underdeveloped and/or
non-functioning 48 h post emergence (Fig 1). Some individuals were highly deformed and
attempts to measure wing morphology resulted in breakage of the wings, therefore those indi-
viduals could not be measured. Forewing span was significantly shorter in the high EPA +
DHA dietary treatment (by at least 20%; Table 3). Hindwing span was ~50% shorter in the
high EPA + DHA dietary treatment in comparison with the control, lowest and low EPA +
DHA dietary treatments. Total wing length was shorter (by at least 40%) in adults reared on
the high EPA + DHA dietary treatment compared with all other treatments. Forewing length
was shorter in adults reared on the high EPA + DHA dietary treatment than the lowest and
control treatments, by at least 15%. Hindwing length was shorter (by at least 30%) in adults
reared on the high EPA + DHA dietary treatment than the lowest and low EPA + DHA dietary
treatments, as well as the control. The ratio between wing span to total butterfly weight was
higher in adults reared on the lowest EPA + DHA treatment compared with the medium treat-
ment. Although butterflies in the control treatment also had wilted, folded, underdeveloped
and/or non-functioning wing deformities (33% of individuals; see Discussion), there was none-
theless a strong positive correlation between the proportion of these type of deformities and
dietary EPA and DHA level (correlation coefficient R = 0.99; p = 0.001) with the highest EPA
and DHA diet resulting in 100% wing deformities (Fig 2).

Table 2. The number of days from hatch to pupation and emergence, and from pupation to emergence (mean ± standard deviation) 1, in Pieris
rapae larvae fed experimental diets containing EPA and DHA.

Control Lowest Low Medium High F-stat df p-value2

Days to pupation 16.0 ± 1.5 15.3 ± 1.5 15.6 ± 1.1 16.0 ± 1.6 16.0 ± 1.4 1.86 4, 119 0.122

Days to emergence 24.3 ± 2.2 23.5 ± 2.0 23.6 ± 1.2 23.8 ± 1.6 24.3 ± 2.0 1.10 4, 108 0.362

Pupation to emergence 8.25 ± 0.9 8.17 ± 0.8 7.96 ± 0.5 8.10 ± 1.6 8.12 ± 1.3 0.35 4, 108 0.845

Number of mortalities 7 6 5 10 5 - -

1 n for each measurement varied among treatments due to mortalities.
2Treatment p-value in randomized block design; block effect not significant for any measurement (p > 0.05).

doi:10.1371/journal.pone.0152264.t002

Table 3. Larval, pupal, and butterfly weights (wet weight, mg), andmorphological measurements1,2 (cm) in Pieris rapae larvae fed experimental
diets containing EPA and DHA.

Control Lowest Low Medium High F-stat df p-value

Larvae weight 202.3 ± 32 217.9 ± 32 202.0 ± 48 206.5 ± 52 206.7 ± 25 0.50 4, 119 0.695

Pupae weight 184.3 ± 28 189.9 ± 20 192.3 ± 23 196.1 ± 18 186.3 ± 24 1.00 4, 119 0.411

Adult weight 105.6 ± 27a 106.4 ± 29a 116.1 ± 32b 120.6 ± 32bc 125.1 ± 34c 6.78 4, 108 0.011

Forewing span 4.57 ± 0.6ab 4.73 ± 0.5a 4.75 ± 0.4a 4.51 ± 0.5ab 3.94 ± 1.0b 4.48 4, 56 0.003

Hindwing span 3.18 ± 0.5a 3.13 ± 0.4a 3.20 ± 0.3a 2.85 ± 1.0ab 2.08 ± 0.3b 4.88 4, 56 0.003

Total wing length 2.59 ± 0.4a 2.33 ± 0.4a 2.40 ± 0.4a 2.27 ± 0.6a 1.58 ± 0.5b 6.04 4, 68 0.001

Forewing length 2.27 ± 0.3a 2.36 ± 0.3a 2.32 ± 0.2ab 2.23 ± 0.2ab 1.94 ± 0.4b 3.03 4, 68 0.023

Hindwing length 1.79 ± 0.2a 1.81 ± 0.1a 1.91 ± 0.3a 1.64 ± 0.3ab 1.36 ± 0.4b 3.51 4, 88 0.012

Wing span: weight 45.4 ± 15ab 54.7 ± 9.7a 42.9 ± 9.1ab 39.2 ± 9.6b 41.5 ± 12.1ab 3.46 4, 58 0.014

1Morphometric measurements were not possible to conduct on all highly deformed individuals; therefore n for each measurement varied among

treatments.
2Different superscripts indicate significant difference among treatments.

doi:10.1371/journal.pone.0152264.t003
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Whole butterfly total lipid and fatty acids
Adults reared on the low and medium EPA + DHA diets had higher total body lipid than those
reared on the control and lowest diets, while adults fed the high diet did not to those in other
treatments (Table 4). There were differences in the amount of EPA and DHA (and their sum)
stored in adults according to treatment, with EPA and DHA amounts highest in those reared
on the medium and high EPA + DHA diets. Adults reared on the control diet did not contain
EPA and DHA. Total n-3 FA content increased in adults with higher inclusion of dietary EPA
and DHA in larval diets. The amounts of ALA and LNA found in the remaining lipid portion
of the diet (from canola oil and wheat germ) were not different among treatments. Finally,

Fig 1. Example of cabbage butterflies (pinned to insect boards) fed experimental diets 48 hours after
emergence: butterfly with deformed wings (left panel, 100% EPA + DHA diet) compared to a butterfly
with intact wings (right panel, control diet).

doi:10.1371/journal.pone.0152264.g001

Fig 2. Incidence of wing deformities in Pieris rapae butterflies fed EPA and DHA enhanced diets in larval stage. The incidence of wing deformities
correlates significantly with the level of EPA and DHA in the diet (correlation coefficient R = 0.988; p = 0.001).

doi:10.1371/journal.pone.0152264.g002
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adult weight (Fig 3) and the amount of EPA and DHA in the whole butterfly (Fig 4) increased
with increasing amounts of dietary EPA and DHA. More complete FA profiles are presented
on a quantitative (μg FA �mg-1 whole butterfly dry weight; S3 Table) and proportional basis (%
contribution of individual FA weight out of total quantified FA weight; S4 Table).

Discussion
The n-3 LC-PUFA, EPA and DHA, are found in the highest concentrations in aquatic environ-
ments, especially at the level of primary producers and primarly consumers [11, 12]. Based on

Table 4. Total lipid (% dry weight) and fatty acid composition (μg FAmg-1 dry weight) of whole Pieris rapae butterflies (n = 12 per treatment) that
were fed experimental diets during their larval stage1.

Control Lowest Low Medium High F-stat (4, 51) p-value

Total lipid 14.2 ± 2.6a 14.0 ± 2.1a 19.6 ± 1.8b 19.6 ± 2.6b 17.4 ± 3.1ab 4.91 0.002

18:2n-6 (LNA) 20.7 ± 4.5 19.9 ± 4.2 19.3 ± 4.2 20.2 ± 4.4 20.7 ± 4.5 1.32 0.275

18:3n-3 (ALA) 2.9 ± 0.5 2.8 ± 0.3 2.5 ± 0.4 2.9 ± 0.6 2.7 ± 0.4 1.46 0.228

20:5n-3 (EPA) 0.0 ± 0.0a 0.8 ± 0.1b 1.1 ± 0.2b 1.8 ± 0.1c 2.1 ± 0.4c 92.1 < 0.001

22:6n-3 (DHA) 0.0 ± 0.0a 0.1 ± 0.1b 0.2 ± 0.1b 0.4 ± 0.1c 0.6 ± 0.1d 81.0 < 0.001

∑ n-3 2.9 ± 0.4a 3.8 ± 0.4b 3.8 ± 0.7b 5.2 ± 1.2c 5.4 ± 0.9c 20.5 0.001

∑ n-6 20.8 ± 4.4 19.9 ± 4.2 19.4 ± 4.2 23.5 ± 6.5 21.0 ± 4.5 1.47 0.225

1Different superscripts indicate significant difference among treatments.

doi:10.1371/journal.pone.0152264.t004

Fig 3. Pieris rapae butterfly weight (mg) with increasing levels of EPA and DHA in larval diets.

doi:10.1371/journal.pone.0152264.g003
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what is known concerning the positive bioactive effects of EPA and DHA on growth, develop-
ment, and reproduction in aquatic invertebrates [3], we hypothesized that novel introduction
of these FA to the terrestrial environment, via genetically engineered oilseeds, would influence
terrestrial insects. We found that increasing the amount of EPA and DHA in larval diets
resulted in a corresponding increase in the concentrations of these two FA in adult cabbage
white butterflies upon emergence and directly correlated with changes in adult weight, and
wing morphology.

The artificial diets contained the essential PUFA for this species (ALA and LNA), but also
included increasing amounts of aquatic-sourced EPA and DHA, from 0 in the control treat-
ment up to 2.4 μg �mg-1 dry weight (or 9.1%) in the high EPA + DHA treatment. In order to
put this into context, we estimated the amount of EPA and DHA found in a genetically engi-
neered camelina seed with what might be found in leaf tissue based on the following approxi-
mate calculation. We point out that concentrations of EPA and DHA in vegetative tissues of
genetically engineered oilseed crops have not yet been reported. One gram of camelina seed is
expected to yield ~400 mg of oil, dry weight [14], which we estimated would include 44 and
28 μg mg-1 of EPA and DHA, respectively, based on proportions of these FA in the genetically
engineered oil [16]. This amount is 30X higher than the amount of EPA and DHA provided in
our highest EPA + DHA diet. Therefore, the EPA and DHA levels that we used in our diets
were rather conservative compared with the estimated amount in genetically engineered seed.
While some Brassica crop pest species (e.g. cabbage seedpod weevil, Ceutorhynchus obstrictis)
do specialize in seedpod consumption in the larval stage, there are also some lepidopterans
(e.g. diamondback moth, Plutella xylostella; alfalfa looper, Autographica california; and beet

Fig 4. Linear relationship between dietary EPA + DHA and tissue EPA + DHA in Pieris rapae butterflies fed experimental diets.

doi:10.1371/journal.pone.0152264.g004
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webworm, Loxostege sticticalis) that consume the seedpod and leaf tissue indiscriminately [27].
The lipid content of vegetative tissues is typically very low in the majority of plant species [13],
for example, vegetative tissue from C. sativa is ~2% total lipid, dry weight [28]; therefore, when
the same calculation is applied as above, the total amount of EPA + DHA is 3.6 μg mg-1 leaf tis-
sue. This amount is still greater than that in our high diet treatment (2.4 μg mg-1 EPA + DHA).
Therefore, the highest amounts of EPA and DHA included in the artificial diets in this study
are close to, but slight underestimates of, those in leaves that would be consumed by leaf spe-
cialists (such as P. rapae) in genetically engineered oilseed crop fields. It should be noted that
EPA and DHA biosynthesis may be controlled by seed-specific promoters (e.g., 15, 16), and
therefore the transgene may be expressed in the seed only; however, the absence of EPA and
DHA in other plant tissues has yet to be confirmed.

Dietary amounts of total lipid, ALA, and LNA, were relatively consistent across all treat-
ments; the only FA that varied were EPA and DHA. Therefore, any treatment effects that we
observed could be ascribed to EPA and DHA additions, rather than to changes in ALA and/or
LNA. We found that inclusion of EPA and DHA in larval diets did not affect development
time (days from hatch to pupation and emergence, and days from pupation to emergence) or
the mortality rate in larvae. Also, larval and pupal masses were not different among treatments.
Therefore, at least in the larval stage, these results indicate that dietary inclusion of EPA and
DHA did not affect gross growth and development times, as is generally the case in aquatic
invertebrates. Adult mass, however, varied as a function of dietary EPA and DHA inclusion,
which suggests that tissue mass was more efficiently retained during metamorphosis in those
individuals reared on EPA and DHA-containing diets. In contrast, those reared on the control
and lowest diets presumably lost more weight during metamorphosis, as larval and pupal
weights did not differ among treatments. Interestingly, while total body lipid in adults seemed
to increase with dietary provision of EPA and DHA, total lipid was increasing up to a certain
point after which, despite the addition of more EPA and DHA, it did not increase further (sta-
tistically). This suggests that the highest amounts of EPA and DHAmay have been somewhat
toxic to adults during the first 48 h post-metamorphosis, resulting in net metabolic costs and
reduced body fat. However, our short term experiment did not address potential effects of die-
tary EPA and DHA on other key physiological endpoints in adults, including life span, mobil-
ity, sensory abilities, and overwintering and reproductive success; factors known to various
affect the instrinsic rate of increase (r) of pest populations.

We found that increasing amounts of EPA and DHA in larval diets correlated strongly with
deformities in butterfly wings. For example, forewing span and hindwing span were ~20 and
50% shorter, respectively, in adults reared on the high EPA + DHA treatment compared with
the control. A previous study found that an induced dietary deficiency of ALA in the cabbage
looper (Trichoplusia niHübner; Lepidoptera: Noctuidae) led to wing deformities when larvae
of these moths were raised under increased temperature (up to 30°C) and humidity conditions
(up to 95%) [29]. In other moth species ALA deficiency resulted in failure of normal adult
emergence and wing development [30, 31]; therefore, it has been recommended that diets of
lepidopterans include a source of ALA, such as linseed oil, to prevent wing deformities [32].
Further, ALA deficiency in Lepidoptera has been characterized by a failure of the adult to form
properly during metamorphosis, with seemingly no other measured effects during larval devel-
opment [33]. In our study, the amount of ALA was consistent across all treatments. Therefore,
the observed effects were not due to differences in dietary ALA provision, but were more spe-
cifically related to the inclusion of EPA and DHA in larval diets. This evidence suggests there
may be relationships between n-3 PUFA and wing morphology. Canavoso et al. [2] concluded
that the function of n-3 PUFA in metamorphosis has yet to be clearly established.
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There also appears to be a positive relationship between high humidity during the pupal
stage and incidence of wing deformities [29]. Relative humidity in our study was unintention-
ally high, due to ambient conditions in the rearing containers at time of pupation and emer-
gence, and this may have led to a greater incidence of deformities across all treatments,
including the control. Nevertheless, we note that humidity was constant and equal among
treatments and that the incidence of deformities nonetheless increased in a dose-response
manner in the experimental treatments as a function of dietary EPA + DHA provision relative
to the controls.

There was a positive linear relationship (r2 = 0.856) between dietary EPA and DHA provi-
sion and adult whole body levels of these two n-3 LC-PUFA confirming tissue incorporation of
these FA in direct relation to dietary provision. The tissue incorporation of these FA in relation
to diet is expected, as many studies have shown that FA composition of insects changes in
response to changing levels of dietary PUFA [1], including in Pieris brassicae L.; Lepidoptera:
Pieridae [34], a close relative of P. rapae. Our study is not the first to detect trace amounts of n-
3 LC-PUFA in Pieris spp. However, LC-PUFA are only quantifiable in specific lipid classes of
certain tissues [1]. For example, EPA was detected in P. brassicae in the phospholipid fractions
of reproductive tissue and adult flight muscles, without EPA in the diet [34]. The detection of
EPA in P. brassicae suggests that it was synthesized from ALA, as larvae were fed Brassica oler-
acea [35], which is not known to contain EPA, and further, it has been established that EPA
can be synthesized from dietary ALA in other species of Lepidoptera [36]. Pieris rapae has a
dietary requirement for ALA (the metabolic precursor to EPA), some of which can be con-
verted to EPA [35]. Moreover, ALA and 20-carbon LC-PUFA are known to be associated with
flight activity in insects [36]. These studies suggest that EPA may be an important FA with
respect to some physiological functions of Pieris spp.

Biosynthesis and tissue-specific incorporation of certain FA are tightly regulated processes
[1]. Clearly, if EPA is synthesized and actively incorporated in particular tissues (e.g. reproduc-
tive and/or locomotive), then it is highly likely that it is required for the optimum functionality
of that tissue. However, in our study, dietary provision of EPA (and DHA) appeared to have
been more detrimental than beneficial at levels expected to be found in genetically engineered
oilseeds. Our results confirm previous work that suggests the n-3 PUFA (at least ALA and
EPA) appear to be relevant in adult metamorphosis and wing development; however, the exact
mechanism and relationship of each individual n-3 PUFA to these processes is unknown [2].

EPA also plays a role in immune function in insects [18]. EPA and ARA are precursors to
eicosanoids, which are highly bioactive compounds that function in immunity, mediating and
co-ordinating cellular and humoral responses at specific and crucial moments; e.g., as immedi-
ate reactions to infection [18]. The eicosanoids derived from EPA have different functions than
those derived from ARA; a skew in the ratio between these FA may have consequences on
immune function [18]. It is possible that high amounts of EPA in the tissue led to a high EPA/
ARA ratio which potentially may have impaired immune function at a critical time, coupled
with high humidity conditions (which may occur naturally in crop fields depending on the
vagaries of local climate conditions) that are known to result in higher frequencies of wing
deformities [29].

Our preliminary results based on the supplementation of EPA and DHA in artificial rearing
diets for P. rapae larvae suggest that these compounds can influence wing development; how-
ever, we stress that further testing is required to more fully understand the impacts of these
compounds on herbivorous insects including crop pests, and on the consumers of these insects.
There are challenges associated with using experimental artificial diets as a model and extrapo-
lating results from these conditions to nature, although the line of P. rapae used in our experi-
ment were likely highly adapted to artificial diets through selection [19, 37]. However, the next
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step in risk assessment should involve using the actual plants (both in laboratory and in fully
contained field trials) engineered to produce EPA and DHA to validate our findings. Based on
previous studies with other lepidopterans, it is clear that EPA is synthesized in certain tissues
for specific functions. Furthermore, n-3 PUFA seem to be generally involved in lepidopteran
metamorphosis and emergence. However, we do not know the full scope of potential effects
that access to dietary EPA and DHA during the larval period might have on post-emerged
adults; for example, how these FA may affect adult lifespan, flying ability, sensory ability, and/
or overwintering and reproductive success. Our study illuminates some of the possible implica-
tions surrounding the impending regulation of genetically engineered oilseeds that endoge-
nously produce EPA and DHA. We suggest that, in order to make informed decisions with
respect to agricultural and environmental policies and management of genetically engineered
oilseeds (e.g. see 38), studies similar to ours (as well as contained field studies) need to be con-
ducted in order to understand more completely the potential global environmental impacts of
widespread commercial production of these novel crops on agroecosystems.
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