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Effects of soil nutrients on the sequestration of plant
defence chemicals by the specialist insect herbivore,
Danaus plexippus
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University of Michigan, Ann Arbor, Michigan, U.S.A.

Abstract. 1. Although anthropogenic nitrogen (N) enrichment has significantly
changed the growth, survival and reproduction of herbivorous insects, its effects on
the defensive sequestration of secondary chemicals by insect herbivores are less well
understood. Previous studies have shown that soil nutrient availability can affect seques-
tration directly through changing concentrations of plant defence chemicals, or indirectly
through altering growth rates of herbivores. There has been less exploration of how
nutrient deposition affects the consumption of secondary chemicals and subsequent
sequestration efficiency. In the current study, the overall effect of soil N availability on
cardenolide sequestration by the monarch caterpillar Danaus plexippus was examined.
Specifically, the effects of soil nutrient availability on growth, consumption, excretion
and sequestration efficiency of cardenolides by D. plexippus larvae fed on the tropical
milkweed Asclepias curassavica were measured.

2. The results showed that soil N and phosphorus (P) fertilisation significantly
reduced caterpillar growth rate and the sequestration efficiency of cardenolides by
monarch caterpillars feeding on A. curassavica. The lowered sequestration efficiency
was accompanied by higher concentrations of cardenolides in frass. Although the total
cardenolide contents of caterpillars were lower under high N or P fertilisation levels,
caterpillar cardenolide concentrations were constant across fertilisation treatments
because of lower growth rates (and therefore lower body mass) under high fertilisation.
It is concluded that anthropogenic N deposition may have multiple effects on insect
herbivores, including their ability to defend themselves from predators with sequestered
plant defences.

Key words. Asclepias curassavica, cardenolide, Danaus plexippus, nitrogen deposi-
tion, phosphorus, plant secondary metabolites, sequestration.

Introduction

Anthropogenic nitrogen (N) deposition has significantly altered
community structure and ecosystem functioning, as well as
species interactions within communities (Vitousek ez al., 1997;
Galloway et al., 2004). For example, interactions between insect
herbivores and their host plants may change under N deposi-
tion because herbivores can be strongly N-limited (Mattson,
1980; Elser et al., 2000; Awmack & Leather, 2002). However,
the effects of N deposition on herbivore performance are
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much more complicated than simple relaxation of N limitation
(Throop & Lerdau, 2004). For example, N deposition can change
the concentrations of plant secondary metabolites (PSMs) (Tao
& Hunter, 2012) and plant species composition (Bobbink et al.,
2010), both of which can significantly alter insect population
growth rates and community structure. Moreover, N deposition
may influence herbivore—enemy interactions, although such
effects have received much less attention (Throop & Lerdau,
2004). For many specialist insect herbivores, defence against
natural enemies includes the sequestration of PSMs from their
host plants (Nishida, 2002; Opitz & Miiller, 2009). Therefore,
for a more complete understanding of the ecological effects
of N deposition, it is important to consider the effects of N
deposition on the sequestration of PSMs by herbivores (Prudic
et al., 2005; Jamieson & Bowers, 2012).
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The amount of PSMs sequestered by insects is determined
simultaneously by the consumption of the chemical and its
sequestration efficiency (i.e. the ability to incorporate dietary
chemicals into the body), both of which can be affected by soil
N availability. When foliar N concentrations are low, insect her-
bivores may increase their total food intake to compensate for
inadequate nutrient uptake (Docherty et al., 1996). Therefore,
N deposition may reduce total consumption of leaf tissues by
insect herbivores. However, foliar consumption levels are also
determined by concentrations of PSMs in plant tissues (Bernays
& Chapman, 1987), which in turn can be affected by soil N
availability (Jamieson & Bowers, 2012). As a result, the overall
effects of N deposition on total consumption of PSMs depend
upon the magnitude and direction of changes in foliar N and
PSM concentrations, as well as specific responses of insects to
these two variables.

Potential effects of N deposition on sequestration efficiency
are much more complex. Sequestration efficiency describes
the proportion of ingested defence chemical that is retained
by the herbivore (Bowers & Collinge, 1992; Camara, 1997),
which reflects the ability of the insect to actively and selec-
tively absorb, transform and store PSMs. Sequestration effi-
ciency appears to be tightly regulated by herbivores according
to their ontogeny (Bowers & Collinge, 1992), host plant chem-
ical composition (Burghardt et al., 2001; Bowers, 2003), insect
genotype (Camara 1997) and sex (Burghardt ef al., 2001). In
addition, sequestration efficiency reflects the ability of insect
herbivores to avoid autotoxicity and eliminate excess PSMs,
which should be actively selected for during the evolution
of sequestration (Camara 1997). Therefore, sequestration effi-
ciency is co-determined by resource allocation to sequestration,
chemical composition of the diet, and toxicity of the sequestered
chemicals, all of which can be affected by N deposition
(Keindnen et al., 1999; Tao et al., 2014). Thus far, however,
the overall effects of N deposition on sequestration efficiency
remain unclear.

In the current study, we explored the effects of N deposition on
the sequestration of cardenolides from the tropical milkweed,
Asclepias curassavica by the monarch caterpillar, Danaus
plexippus. Monarchs are well known for their ability to use
cardenolides sequestered from their Asclepias hosts as a defence
against predators (Reichstein et al., 1968), but the ecological
factors determining the extent and efficiency of sequestration
are less clear. Previously, we reported that N deposition can have
positive (Tao & Hunter, 2012), neutral or even negative (Tao
et al., 2014) effects on the growth rate of D. plexippus, depend-
ing on host plant species. Specifically, for monarch caterpillars
feeding on A. curassavica, increases in foliar N concentra-
tion lead to higher cardenolide toxicity, resulting in overall
deleterious effects of N deposition on caterpillar performance
(Tao et al., 2014). Based on this result, we predicted here that
monarch larvae feeding on A. curassavica would exhibit a lower
sequestration efficiency of cardenolides under high N deposi-
tion. Our prediction could be realised through two alternative
mechanisms: (i) when growth rate and overall insect vigour are
low, allocation to defence functions may also be low (Bukovin-
szky et al., 2009); or (ii) in order to reduce the toxicity of
cardenolides under high-N conditions, D. plexippus may

increase food passage rate, leading to lower sequestration
efficiency.

To test our prediction and the potential mechanisms underly-
ing it, we examined the effects of soil nutrient availability on
growth, consumption, excretion and sequestration efficiency of
cardenolides by D. plexippus fed on A. curassavica. We incor-
porated both soil N and phosphorus (P) in our treatments, as N
deposition can change the effects of soil P on species interactions
(Zehnder & Hunter, 2009; Vitousek et al., 2010). In addition, we
explored the effects of soil nutrient availability on foliar carde-
nolide concentration and composition. Integrating these analy-
ses, we were able to examine the overall effects of soil nutrient
availability on cardenolide sequestration by D. plexippus.

Materials and methods

The tropical milkweed, A. curassavica, is native to the Amer-
ican tropics, and serves as a host plant for the monarch cater-
pillar, D. plexippus. The specialist monarch has evolved sub-
stantial resistance to cardenolides (Holzinger & Wink, 1996)
and the ability to sequester them as a defence against preda-
tors (Reichstein e al., 1968). However, very high cardeno-
lide concentrations, and some lipophilic cardenolide forms, can
reduce monarch performance in the absence of natural enemies
(Sternberg et al., 2012). Previous studies have shown that the
sequestration of cardenolides by D. plexippus is highly selec-
tive, such that sequestration efficiency is subject to change with
variation in foliar cardenolide concentration and composition
(Malcolm et al., 1989).

We purchased A. curassavica seeds from Butterfly Encounters
Inc (San Ramon, California). The seeds were germinated on
damp filter paper in Petri dishes at 25°C. After germination,
seedlings were planted in 4-inch plant pots containing a 1:1
mixture of potting soil (SunGrow Horticulture, Agawam, Mas-
sachusetts) and sand (Kolorscape, Atlanta, Georgia). Plants
were kept in a controlled growth chamber at 25 °C and an LD
16:8 h (Philips F32T8/ADV835/ALTO 32 Watt T8 high lumen
fluorescent bulbs). When plants were 3 weeks old, 3 X 3 levels
of N and P fertiliser were applied in a factorial design. N was
added as ammonium nitrate at levels of 0, 4 and 8 gm~2, and P
was added as calcium phosphate monobasic at levels of 0, 0.4
and 0.8 gm™2. Fertiliser was applied once every week for a total
of 5weeks; each plant received one-fifth of its total fertiliser
allocation each week. We have shown previously that these lev-
els of fertilisation generate a broad but realistic range of C:N:P
stoichiometry in milkweed plants (Tao & Hunter, 2012) and the
N addition treatments fall within the range of anthropogenic
N deposition levels observed in nature (Fenn et al., 2003). We
used 10 plants per treatment, resulting in a total of 90 plants.

We started our experiment 2 days after the last fertilisation,
when plants were just over 8 weeks old. Before feeding the
leaves to individual caterpillars, we measured foliar cardeno-
lide concentrations from each plant using methods described in
Zehnder and Hunter (2009). Briefly, six leaf disks (0.25 inches in
diameter) from the fourth pair of leaves of each plant were taken
and ground in methanol using a ball mill and sonicated at 60 °C
for 1h. Although sampling from a single leaf cannot account
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for chemical variation among leaves, within-plant variation in
cardenolide chemistry is negligible in A. syriaca (M. D. Hunter,
unpublished). Another six leaf disks were taken, weighed for
fresh weight and then oven-dried to provide estimates of foliar
fresh/dry weight ratios for each plant. The supernatant from
samples in methanol was evaporated at 45 °C for 70 min until
dryness. Samples were then resuspended in 150 pl of methanol
containing 0.15mgml~' digitoxin as an internal standard and
analysed using reverse-phase ultra-performance liquid chro-
matography (UPLC, Waters Inc., Milford, MA, USA). The
running time for each sample was 9 min. Peaks were detected
by absorption at 218 nm using a diode array detector, and
absorbance spectra were recorded from 200 to 300 nm. Peaks
with symmetric absorption maxima between 216 and 222 nm
were recorded as cardenolides (Zehnder & Hunter, 2007). Total
cardenolide concentration was calculated as the sum of all
separated cardenolide peaks, corrected by the concentration of
the internal standard (digitoxin) and the estimated sample mass.
For the same leaves from which disks were taken, the remain-
ing leaf material was oven-dried and ground for subsequent
carbon (C), N and P measurements. Foliar C and N concentra-
tions were measured on a CHN analyser (Costech, Valencia,
CA, USA) and foliar P concentrations were quantified on an
autoanalyser using an acid digestion method (Tao & Hunter,
2012).

Danaus plexippus eggs were obtained from a colony main-
tained in our laboratory. We obtained monarchs from two
sources: from a commercial butterfly breeder (Shady Oaks
Butterfly Farm, Brooker, Florida) and as the offspring of a
native Florida population collected during the previous year.
We then conducted six random crosses of butterflies from these
origins, and assigned their offspring randomly to the treatments.
Around 100 eggs were collected for the experiment and stored
in a refrigerator for 2 days before the experiment to synchronise
hatching of the 90 larvae required for our experiment. Each
neonate caterpillar was assigned randomly to receive foliage
from a single plant. Caterpillars were maintained individually
in 163 ml plastic containers. Each day, we retrieved fresh leaves
from each plant and fed them ad libitum to their associated
caterpillars. To quantify consumption, we measured the fresh
weight of leaves fed to each caterpillar, and converted it to dry
weight using the fresh/dry conversion described earlier. Before
the next feeding, we retrieved the leftover leaves from the
previous day, oven-dried and weighed them. Consumption was
then calculated as the difference in dry mass between amounts
fed to each caterpillar and leftover leaves. The experiment lasted
for 7 days in total, which represents 50% of the average larval
period of monarchs under our rearing conditions: plants were
not large enough to rear all caterpillars through to pupation,
so we kept the number of rearing days constant to better com-
pare growth rates among treatments. Effects of foliage quality
on monarch growth are known to be most important during
early instars (Zalucki et al., 2001). After 7 days of feeding, all
caterpillars were starved for 24h to void their gut contents.
They were then oven-dried and their dry mass measured on a
microbalance. Each day, frass from each caterpillar was also
collected, dried and weighed. Caterpillar and frass cardenolide
concentrations were measured by UPLC as described earlier.
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Statistical analysis

Total consumption was calculated as the sum of consump-
tion on each day, and total consumption of cardenolides was
calculated as the product of foliar cardenolide concentration
and total consumption. The average daily growth rate of each
caterpillar was calculated by dividing its log-transformed mass
by 7. Total cardenolide content of each D. plexippus individ-
ual was calculated as the product of caterpillar mass and car-
denolide concentration. Sequestration efficiency was calculated
by log-transforming the quotient of total cardenolide content
of caterpillars by their total consumption of foliar cardenolide.
During the experiment, 20 caterpillars died and were excluded
from further analysis of caterpillars.

To explore the effects of our N and P fertilisation treatments
on foliar chemical traits, we used N and P treatment levels and
their interactions as independent variables, and foliar N, P and
cardenolide concentrations as dependent variables in separate
two-way ANOVAs. To examine how fertilisation affected growth
rate, total consumption of plant material, consumption, excre-
tion and sequestration efficiency of cardenolides, cardenolide
concentration and total cardenolide contents of D. plexippus,
we used these measurements as dependent variables, and N,
P fertilisation and their interactions as independent variables
in separate two-way ANOVAS. In addition to F- and P-values,
we also reported standard #> as measurements of effect sizes.
If n>>0.14, the effect size is considered as large, whereas
7% <0.01 is considered as small (Cohen, 1988). Whenever sig-
nificant interactions between N and P fertilisation were detected,
we ran additional one-way ANOVAs for each factor separately.

To test the effects of soil N and P concentrations on the com-
position of cardenolides in A. curassavica and D. plexippus,
we performed permutational multivariate analysis of variance
(PERMANOVA) with N, P and their interactions as independent
variables, and Bray—Curtis distance of percentage weight of
each cardenolide peak as dependent variables (Anderson, 2001).
To visualise cardenolide composition, we used non-metric mul-
tidimensional scaling (NMDS) with 999 permutations per model
run and a maximum of 20 run per dimension. The stress of
two-dimensional models was 0.11 for cardenolides in A. curas-
savica and D. plexippus. PERMANOVA and NMDS scaling were
performed using the VEGAN package in R, and all analyses were
conducted in the base package of r 2.15.2 (2012).

Results

Effects of soil nutrient availability on consumption
and sequestration efficiency of cardenolides by D. plexippus

Foliar N, P and cardenolide concentrations were all influenced
significantly by the interaction between N and P fertilisation lev-
els (results of two-way ANOVAs provided in Table 1) and here
we present the results of subsequent one-way ANOVA for each
factor separately. N fertilisation significantly increased foliar N
and P concentrations in A. curassavica (F, g; =39.06, P < 0.001;
F,4;=5.76, P=0.004). Foliar cardenolide concentration also
varied with N fertilisation (F,g, =11.80, P <0.001). Specifi-
cally, the highest cardenolide concentration (3.59 +0.31 mg g~!)
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Table 1. Effects of nitrogen (N) and phosphorus (P) fertilisation, and their interaction, on foliar N, P and cardenolide concentrations of Asclepias

curassavica.

Soil N Soil P Soil Nx P

F P 7> P 7> F P 7>
Foliar N Fyg=51.46 <0.001 0.47 Fpg1=3.00 0.06 0.03 Fr51=6.90 <0.001 0.13
Foliar P F,rg1=17.08 0.001 0.12 Fyg1=2.65 0.08 0.04 Fyg1=5.13 <0.001 0.17
Foliar cardenolide F73=15.54 <0.001 0.22 Fy73=0.98 0.38 0.01 Fyq8=17.67 <0.001 0.22

Numbers represent F-values, P-values and standard 7> from two-way ANOVA.

occurred in plants from soils with low N availability (treatment
of 0gm™2), and the lowest concentration (1.90+0.16 mgg™")
occurred in plants from soils with intermediate N availability
(treatment of 4 gm~2) (Fig. 1c). Although P fertilisation did not
have any significant independent effects on foliar N, P or carde-
nolide concentrations (in either two-way or one-way ANOVA),
there were significant interactive effects of N and P fertilisa-
tion on all three foliar traits (Table 1). Specifically, when N
availability was low or intermediate, P fertilisation decreased
foliar N concentration; under high N concentrations, P fertili-
sation increased foliar N concentration (Fig. la). Similarly, P
fertilisation (0.4 and 0.8 g m~2) increased foliar P concentration
only under intermediate and high N (8 gm~2) fertilisation lev-
els (Fig. 1b). Finally, under high N fertilisation, P fertilisation
increased foliar cardenolide concentration, although it decreased
cardenolide concentration when N availability was low or inter-
mediate (Fig. 1c).

Total consumption of plant material by D. plexippus declined
with foliar cardenolide concentration (Fig. 2a; F,=7.14,
P =0.009, R?=0.10). In addition, consumption was affected by
N fertilisation (Table 2; F', 5; = 11.48, P <0.001) such that total
foliar consumption by caterpillars was greatest when N avail-
ability was intermediate (Fig. 2b). On average, total consump-
tion values were 30.2% and 29.9% lower, respectively, when
caterpillars fed on plants from low and high N availability, com-
pared with plants from soils with medium N availability. How-
ever, total consumption of cardenolide was unaffected by N fer-
tilisation (Table 2; F, 53 =1.05, P=0.36), presumably because

cardenolide concentrations were lowest under intermediate N
availability (Fig. 1c), whereas foliar consumption levels were
highest (Fig. 2b).

Caterpillar growth rate was reduced by N fertilisation (Table 2,
Fig. 2¢; F, =13.05, P<0.001). Compared with caterpillars
fed on plants with low soil N availability, caterpillars exhibited
28.9% and 59.7% reductions in growth rate, respectively, when
they fed on plants from soils of medium N and high N
availability. P fertilisation also reduced caterpillar growth rate
(Table 2, Fig. 2d; F,4, =3.82, P=0.03), although the effects
were not as strong as those of N fertilisation. Specifically,
compared with caterpillars fed on plants with low soil P
availability, caterpillars exhibited 14.3% and 31.4% reductions
in growth rate when they fed on plants from soils of medium P
and high P availability, respectively. There was a strong positive
correlation between caterpillar growth rate and sequestration
efficiency of cardenolide (Fig. 2e; F, ¢, =141.93, P<0.001,
R>=0.73). '

Sequestration efficiency was negatively correlated with foliar
cardenolide concentration (Fig. 2f; F, 4 =11.50, P=0.001,
R?=0.16). Moreover, N fertilisation reduced sequestration
efficiency of caterpillars (see Table 2 for full model, Fig. 3a;
one-way ANOVA: I, ¢, =4.87, P=0.01). On average, sequestra-
tion efficiency was 12.8% and 34.5% lower when caterpillars
fed on plants from soils of medium and high N availability,
respectively. High P fertilisation level, but not intermediate P
level, also reduced sequestration efficiency (Fig. 3b; one-way
ANOVA: F, ¢y =4.72, P=0.01). The marginally non-significant
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Fig. 1. (a—c) Effects of nitrogen (N) and phosphorus (P) fertilisation on foliar N, P and cardenolide concentrations of Asclepias curassavica. Points
represent the means of 10 samples and bars represent standard errors. Low, med and high N represent N fertilisation levels of 0, 4 and 8 gm~2, and low,

med and high P represent P fertilisation levels of 0, 0.4 and 0.8 gm~2.
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Fig. 2. (a) Relationship between foliar cardenolide concentration and total foliar consumption. (b, ¢) Effects of nitrogen (N) fertilisation on total foliar
consumption (b) and larval growth rate (c). (d) Effects of phosphorus (P) fertilisation on growth rate of Danaus plexippus. Columns are the means of
22-30 samples and bars represent standard errors. (e) Illustrates the positive relationship between caterpillar growth rate and sequestration efficiency
and (f) illustrates the negative relationship between foliar cardenolide concentration and sequestration efficiency. Low, med and high N represent N
fertilisation levels of 0, 4 and 8 gm~2, and low, med and high P represent P fertilisation levels of 0, 0.4 and 0.8 g m~2, respectively.

interaction between N and P fertilisation (p=0.053, Table 2)
suggested that there were consistent negative effects of N
fertilisation on sequestration efficiency when P fertilisation lev-
els were intermediate or high. However, when P fertilisation was
low, intermediate, but not high, N fertilisation reduced seques-
tration efficiency (0.05+0.01, 0.03 +0.003, 0.05+0.01 for
low, medium and high N levels, respectively). Because the total
amount of cardenolide consumed by caterpillars was unaffected
by fertilisation (see earlier), the effects of N and P fertilisation

on total cardenolide contents of D. plexippus were similar
to their effects on sequestration efficiency (Table 2, data not
shown). N fertilisation increased cardenolide concentration in
frass (Table 2, Fig. 3c; F, 53 = 10.22, P <0.001), consistent with
the lower efficiency of cardenolide sequestration under N fertili-
sation (Fig. 3a). Frass cardenolide concentrations increased 1.7-
and 6.4-fold under medium and high N addition, respectively.
Similarly, under high P fertilisation levels, frass cardenolide
concentrations were greater than those under low or medium
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Table 2. Effects of nitrogen (N) and phosphorus (P) fertilisation, and their interactions, on caterpillar growth, foliar consumption, cardenolide excretion

and sequestration of cardenolide by Danaus plexippus.

Soil N Soil P Soil Nx P

F P n* F P n? F P n*
Total consumption Fre=11.48 <0.001 0.25 Fpe1=1.90 0.16 0.04 Fp61=0.57 0.69 0.03
Consumption of cardenolide Fps55=1.05 0.36 0.03 Fps5=1.59 0.21 0.04 Fps5=2.33 0.07 0.13
Growth rate Fpe1 =13.05 <0.001 0.25 Fpe =3.82 0.03 0.07 Fre1 =2.04 0.10 0.08
Sequestration efficiency Fy54=6.51 0.003 0.14 Fys54=8.15 <0.001 0.17 Fys54=1.88 0.05 0.11
Cardenolide concentration in frass F, 5 =10.22 <0.001 0.23 F53=2.63 0.08 0.06 Fys53=2.20 0.10 0.07
Total cardenolide content Fy60=7.32 0.001 0.16 Fy60=5.83 0.005 0.13 Fye=123 0.31 0.05
Cardenolide concentration Fr6 =034 0.71 0.01 Fr6=0.29 0.75 0.01 F, 6 =0.80 0.53 0.05

Numbers represent F-values, P-values and standard 7> from two-way ANOVA.

P addition, although the effect was marginally non-significant
(Table 2, Fig. 3d; Frss= 2.63, P=0.08). There were no effects
of N, P, cardenolide or any of their interactions on cardenolide
concentrations in D. plexippus (Table 2, Fig. 3e.f).

Effects of soil nutrient availability on cardenolide composition
in A. curassavica and D. plexippus

The availabilities of N and P in soil interact to influence the
composition of cardenolides in the tissues of both A. curas-
savica (F, 73 =4.35, P<0.001) and D. plexippus (F,4 =6.60,
P <0.001) (Table 3, Fig. 4). NMDS plots illustrated that when
soil N availability was low or intermediate, the compositions
of foliar cardenolides across soil P treatments were relatively
clustered; however, when soil N availability was high, cardeno-
lide composition became more scattered across soil P. Interest-
ingly, effects of soil N availability on cardenolide composition
in D. plexippus were different from their effects on cardenolide
composition in A. curassavica (Fig. 4). Specifically, cardeno-
lide composition in D. plexippus was more clustered when the
caterpillars fed on plants with high soil N availability.

Discussion

These results illustrate that soil nutrient availability influences
both total concentration (Fig. 1c) and the composition (Fig. 4)
of cardenolides in the foliage of A. curassavica. Fertilisation has
been shown to reduce cardenolide concentration in milkweeds
(Agrawal et al., 2012), and we also observed such decreases
under medium fertilisation levels. However, under high N and
P fertilisation levels, cardenolide concentrations were higher
than those under medium fertilisation levels. Although the
exact mechanism is not clear, our higher levels of fertilisation,
while within the range observed from anthropogenic nutrient
deposition, may have induced stress in the plants. In response
to changes in foliar cardenolide concentrations, monarch cater-
pillars appear able to regulate the cardenolide concentrations
of their tissues so that they do not vary with soil nutrient
availability (Fig. 3e,f). In marked contrast, the composition of
cardenolides in monarch caterpillars varies substantially with
soil nutrient availability (Fig. 4), with soil N and P combining to

explain a total of 56% of the variance in caterpillar cardenolide
composition (Table 3). Because cardenolide composition influ-
ences the susceptibility of monarchs to their parasites (Sternberg
et al., 2012), soil nutrient levels, including those imposed by
anthropogenic N deposition, may influence monarch—enemy
interactions.

Previous studies have illustrated strong links among soil nutri-
ent availability, the concentration and composition of foliar
PSMs, and subsequent sequestration by insect herbivores. For
example, N fertilisation reduces the production of aucubin (an
iridoid glycoside) in ribwort plantain (Plantago lanceolata),
which subsequently leads to lower levels of aucubin sequestra-
tion by common buckeye caterpillars, Junonia coenia (Prudic
et al., 2005). By contrast, N enrichment does not affect antir-
rhinoside contents in the plant Linaria dalmatica or the herbi-
vore Calophasia lunula, but antirrhinoside concentrations are
lower in the herbivore after N enrichment because of their higher
biomass (Jamieson & Bowers, 2012). Our study adds to this
growing body of work, and illustrates that N deposition may
influence the sequestration of PSMs through combined effects
on consumption, sequestration efficiency and excretion.

Sequestration efficiency is known to depend on environmental
and genetic factors (Camara, 1997) and to vary with other
properties of the diet. For example, when D. plexippus larvae
feed on milkweed species with low cardenolide concentrations,
sequestration efficiency is relatively constant across the lower
ranges of cardenolide concentrations. However, when feeding on
milkweeds with high cardenolide concentrations, sequestration
efficiency declines as foliar cardenolide concentrations increase
(Lynch & Martin, 1993), consistent with our results. This may
be achieved through two related mechanisms illustrated here.
First, monarchs reduce the total amount of foliage that they
consume as foliar cardenolide concentrations increase (Fig. 2a).
Secondly, they decrease cardenolide sequestration efficiency
as foliar cardenolide concentrations increase (Fig. 2f). The
net result is that cardenolide concentrations in caterpillars are
positively correlated with those in the foliage of low-cardenolide
plants, but unrelated to foliar concentrations in the foliage of
high-cardenolide plants (Lynch & Martin, 1993).

Sequestration is an active process, accomplished by transport
proteins in the hemolymph (Frick & Wink, 1995; Hartmann,
2004). Therefore, insects may control the uptake of differ-
ent defence compounds as well as their total amounts. For
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concentration in frass (¢ and d, respectively) and cardenolide concentration (e and f, respectively) in Danaus plexippus. Columns are the means of

22-30 samples and bars represent standard errors.

example, flea beetles in the genus Longitarsus selectively store
simple pyrrolizidine alkaloid (PA) monoesters as opposed to
more complex compounds (Dobler et al., 2000). Similarly, the
catalpa sphinx caterpillar Ceratomia catalpae selectively stores
catalpol instead of catalposide from its host plant Catalpa
bignonioides (Bowers, 2003). Such selective sequestration
may have evolved to avoid autotoxicity of the sequestered
chemicals. For example, the beetle Oreina cacaliae, which
sequesters pyrrolizidine alkaloids, absorbs and stores non-toxic
N-oxide compounds, while pro-toxic free base pyrrolizidine
alkaloids are detoxified by glucosylation (Hartmann et al.,

1999). Similarly, in our system, D. plexippus can selectively
sequester cardenolides with intermediate polarity as opposed to
low-polarity cardenolides (Malcolm & Brower, 1989), presum-
ably because lipophilic cardenolides are more toxic to the insect
(Fordyce & Malcolm, 2000; Sternberg et al., 2012). In the cur-
rent experiment, to measure the overall polarity of cardenolide
compounds, we calculated the non-polarity index following
Rasmann and Agrawal (2011). We also observed that, on aver-
age, the non-polarity index of caterpillars (0.51+0.01) was
lower than that of the plants (0.69 +0.01), suggesting that cater-
pillars selectively sequestered cardenolides with intermediate
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Table 3. pErRMANOVA results of the effects of soil N and P availability, and their interactions, on cardenolide composition in Asclepias curassavica and

Danaus plexippus.
A. curassavica D. plexippus
F P R? F P R?
Soil N Fy75=3.69 <0.001 0.06 Fpe1 =19.38 <0.001 0.28
Soil P Fy78=T7.11 <0.001 0.12 Fpe =6.34 <0.001 0.09
Soil Nx P Fy75=435 <0.001 0.15 Fy61=6.60 <0.001 0.19
~
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Fig. 4. Effects of soil nitrogen (N) and phosphorus (P) availability on Asclepias curassavica and Danaus plexippus cardenolide composition. Points
and error bars represent the median and interquartile range (25-75%), respectively, of non-metric multidimensional scaling (NMDS) scores for plants
and herbivores by each treatment. L, M and H represent ‘low’, ‘medium’, and ‘high’ respectively (i.e. HNMP refers to high N, medium P). Low, med
and high N represent N fertilisation levels of 0, 4 and 8 gm~2, and low, med and high P represent P fertilisation levels of 0, 0.4 and 0.8 gm~2.

polarity. Previously, we have found that the toxicity of cardeno-
lides to D. plexippus increases under high foliar N concentration
(Tao et al., 2014). The reduced sequestration efficiency that we
observed here under high N availability (Fig. 3a) may serve as
an additional example of regulation of sequestration to avoid
autotoxicity.

Alternatively, the fact that N fertilisation reduced sequestra-
tion efficiency could be explained by lower growth rates under
high N treatment levels. The metabolic stress of dealing with
a high N diet (Boersma & Elser, 2006; Zehnder & Hunter,
2009), which is known to impose a fitness cost on monar-
chs when cardenolides are high (Tao et al., 2014), may have
imposed costs on growth rate that then limited the ability of
caterpillars to sequester cardenolides. In some insect species,
sequestration is a high cost process (Bowers, 1992) while in
other species, sequestration does not incur significant costs
(Kearsley & Whitham, 1992; Camara, 1997). In monarch
caterpillars, findings are mixed. While physiological studies
suggest that metabolising cardenolides is relatively inexpen-
sive (Erickson, 1973; Vaughan & Jungreis, 1977), ecological
studies report that cardenolide sequestration correlates nega-
tively with body mass (Cohen, 1985) and migration distance
(Brower et al., 1972; Brower & Glazier, 1975). Here, because

cardenolide concentrations in caterpillars were strikingly
similar across nutrient treatments (Fig. 3e,f), we favour the
notion that reduced caterpillar growth rates represent a cost
of managing consumption (Fig. 2a) and sequestration effi-
ciency (Fig. 2f) to maintain constant cardenolide levels in body
tissues.

During sequestration, PSMs can be directly absorbed,
metabolised or excreted (Nishida, 2002; Hartmann, 2004; Opitz
& Miiller, 2009). The reduction in sequestration efficiency that
we observed here under high nutrient availability may result,
at least in part, from increases in the excretion of cardenolides
(Fig. 3c,d), perhaps from faster gut passage rates or lower
absorption efficiency of the food. Faster gut passage times
significantly reduce the mortality rate of gypsy moth Lymatria
dispar caused by nuclear polyhedrosis virus (Keating et al.,
1990). Similarly, infection rates of monarch caterpillars by
Ophryocystis elektroscirrha, a protozoan parasite, may decline
as food passage rates increase. Because parasite infection is
also related to dietary cardenolides (Lefevre er al., 2010; de
Roode et al., 2011), this illustrates an interesting future direc-
tion of incorporating cardenolide toxicity, N deposition and
parasite infection in tritrophic studies of plant—insect—parasite
interactions under global change.
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