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Plants need to balance investments in growth and defense throughout their life
to increase their fitness. To optimize fitness, levels of defense against herbivores
in perennial plants may vary according to plant age and season. However,
secondary plant metabolites often have a detrimental effect on generalist
herbivores, while many specialists have developed resistance to them.
Therefore, varying levels of defensive secondary metabolites depending on
plant age and season may have different effects on the performance of
specialist and generalist herbivores colonizing the same host plants. In this
study, we analyzed concentrations of defensive secondary metabolites
(aristolochic acids) and the nutritional value (C/N ratios) of 1-, 2"%- and 3™-
year Aristolochia contorta in July (the middle of growing season) and September
(the end of growing season). We further assessed their effects on the
performances of the specialist herbivore Sericinus montela (Lepidoptera:
Papilionidae) and the generalist herbivore Spodoptera exigua (Lepidoptera:
Noctuidae). Leaves of 1°'-year A. contorta contained significantly higher
concentrations of aristolochic acids than those of older plants, with
concentrations tending to decrease over the first-year season. Therefore,
when first year leaves were fed in July, all larvae of S. exigua died and S.
montela showed the lowest growth rate compared to older leaves fed in July.
However, the nutritional quality of A. contorta leaves was lower in September
than July irrespective of plant age, which was reflected in lower larval
performance of both herbivores in September. These results suggest that A.
contorta invests in the chemical defenses of leaves especially at a young age,
while the low nutritional value of leaves seems to limit the performance of leaf-
chewing herbivores at the end of the season, regardless of plant age.
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Introduction

Plants are continuously exposed to a variety of biotic and abiotic
stresses in their natural environment. Herbivory is a major cause of
biotic stress for plants (Mattson, 1980; Karban and Myers, 1989;
Alves-Silva and Del-Claro, 2016; Igbal et al, 2021). Plants are
dynamic organisms that can optimize cost-benefit balance
between growth and defense to deal with the herbivory stress
(Herms and Mattson, 1992). The growth-defense trade-off of
plants is based on the assumption that plants have limited
resources to invest in growth and defense (Coley et al., 1985;
Simms and Rausher, 1987; Huot et al., 2014). Defense
mechanisms of plants against herbivory stress can vary
dramatically depending on the plant’s ontogeny (Barton and
Koricheva, 2010; Barton and Boege, 2017). Ontogenetic
trajectories of plant defense are also generally inferred as a result
of a trade-off between growth and defense, in which defense
mechanisms are strengthened within specific tissues at specific
ontogeny stages to achieve an optimal balance between growth
and defense (Ohnmeiss and Baldwin, 2000; Barton and
Boege, 2017).

There are several theoretical frameworks for interpreting how
plants change their defense systems according to their ontogeny.
One of them is the optimal defense theory (ODT). This theory
predicts that plants should be highly defended against tissues with
high fitness value or high risk of attack (McKey, 1974). And, based
on ODT, plant defenses can be also variable at each stage during
plant ontogeny (Ohnmeiss and Baldwin, 2000; Barton and Boege,
2017). According to ODT’s description of plant tissue defense,
plants will optimize themselves against herbivory based on fitness
values of various tissues (e.g., flowers) and the likelihood that those
tissues would be attacked (e.g., young leaves) (Coley, 1983;
Ohnmeiss and Baldwin, 2000; Alba et al., 2012). Similar to this,
when describing defense in accordance with the plant’s ontogenic
stage as ODT, plants might have a high level of defense in the
reproductive stage when it has the highest fitness (Boege, 2005) and
in the juvenile stage due to its greater susceptibility to herbivore
attack than older stages (Bryant et al., 1991). Therefore, it is difficult
to generalize because the ontogenetic trajectory for the defense of
plants differs by species.

Many studies confirming the ontogenetic trajectory for the
defense of herbaceous plants have been mainly conducted on
annual plants, which have relatively rapid life cycles (Barton and
Koricheva, 2010; Barton and Boege, 2017). Perennial plants can
maintain different sequential life-history strategies based on their
age and physiological and ecological conditions in the previous year
(Bryant et al., 1991; Iwasa, 2000). For annual plants, variation in
ontogeny is closely linked to variation in phenology. However, for
perennial plants, phenological variation might be more
independent of ontogenetic variation. That is, it will be especially
crucial to understand relationships between within-year
phenological variance and among-year ontogenetic variation for
perennial plants (Yang et al., 2020; Cope et al., 2022). Therefore,
age- and season-dependent variations of plants can be main factors
to understand the trajectory of defense change in perennial herb.
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Herbivore performance depends on their ability to deal with the
host plant defenses. It varies greatly depending on the herbivore’s
level of specialization on host plants (Agrawal, 2007; Ali and
Agrawal, 2012; Thiel et al., 2020). Specialist herbivores (mono- or
oligophagous) mainly feed on their host plant family since they are
able to detoxify and/or sequester specific secondary metabolites of
their host plants (Agrawal, 2007; Lankau, 2007; Ali and Agrawal,
2012; Thiel et al., 2020). That is, specialist herbivores are considered
to be the result of co-evolution with their host plants (Karban and
Agrawal, 2002; Ali and Agrawal, 2012; Maron et al., 2019). The
variability of plant’s defense level can have different levels of impact
on the performances of specialist and generalist herbivores.
However, many studies have focused primarily on the age of the
leaf itself (Ernest, 1989; Gutbrodt et al., 2012; Cao et al., 2018).
Based on the fact that defense levels of perennial plants can change
depending on plant age and season (Yang et al, 2020), it is
necessary to conduct empirical research on how variable defense
levels of perennial herbs based on plant age and season can affect
performances of specialist and generalist herbivores occupying the
same host plant.

Plant defenses can be divided into mechanical and chemical
defenses traditionally. Plant mechanical defenses (e. g. lignified plant
cell wall, trichome density, cuticle thickness) can be variable to biotic
and abiotic stress (Moura et al., 2010; Kuglerova et al., 2019; Saska
et al,, 2021) and can also be variable depending on plant ontogeny
(Kearsley and Whitham, 1998; Traw and Feeny, 2008; Barton and
Koricheva, 2010). However, we focused on the plant chemical
defenses in this study given that Aristolochia contorta Bunge
synthesizes specific toxic secondary metabolites. Aristolochia
contorta is a herbaceous perennial vine distributed near the edge of
forests or rivers in East Asia (Nakonechnaya et al., 2012). It has been
observed that its sexual reproduction only occurs in 3-year-old or
older plants (Park et al., 2019). Aristolochia contorta can synthesize
specific toxic secondary metabolites including aristolochic acids
(Cheung et al., 2006). Such aristolochic acids can negatively affect
generalist herbivore’s growth at low concentrations (Jeude and
Fordyce, 2014) and could be key factors in the defense of A.
contorta against herbivores. However, concentrations of aristolochic
acids induced by simulated herbivory were not high enough to affect
performance of the specialist herbivore (Park et al., 2022).
Biosynthetic pathway of aristolochic acids in Aristolochiaceae
family is still partly revealed (Cui et al., 2022). Sericinus montela
(dragon swallowtail) is known as a specialist herbivore of A. contorta
and a vulnerable species in the Red List of the Republic of Korea
(National Institute of Biological Resources, 2012).

The ontogenetic trajectory of defensive secondary metabolites is
still controversially discussed. Barton and Koricheva (2010)
reported that concentrations of defensive secondary metabolites
in herbaceous plants tend to increase during life, while Yang et al.
(2020) observed a decline in chemical defense along the ontogenetic
trajectory. We hypothesized that: (1) the growth and nutrient
composition (C/N ratio) of A. contorta differ by plant age and
season; (2) the concentrations of aristolochic acids in A. contorta
tissues differ by plant age and season; (3) the performance of
specialist and generalist herbivores is influenced by differences in
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the defense of A. contorta depending on plant age and season. To
test these hypotheses, we grew one, two- and three-year-old A.
contorta individuals in an outdoor growing facility. In addition,
growth parameters, aristolochic acids concentrations, and C/N ratio
of each plant organ were quantified in July (the middle of growing
season) and September (the end of growing season). Finally, leaf
feeding trials were conducted on specialist (S. montela) and
generalist herbivores (Spodoptera exigua) to assess effects of age-
dependent plant defense traits on herbivore performances. Our
findings will contribute to our understanding of plant-herbivore
interaction dynamics along the life history of perennial herbs.

Material and methods
Plant material

Aristolochia contorta seeds were collected at Pyeongtaek (37°
05'43” N, 127°05’15” E) and Gapyeong (37°34’54” N, 127°31’41” E),
Gyeonggi-do, South Korea, in 2018, 2019, and 2020. Collected seeds
were stored in a refrigerator at 4°C under dry conditions and sown
the following year to obtain one, two, and three-year-old plants for
the study. Germinated seedlings were transplanted into pots (25 cm
in diameter and 25 cm in depth). Mixed soil considering the soil
texture of its natural habitat (sand:topsoil = 2:1, v/v) was used for
sowing and transplanting (Park et al., 2019). All individuals were
grown in an experimental plot in Seoul National University (37°
27°49” N, 126°57°19” E) covered with mesh for 50% of relative light
intensity, with which A. contorta showed more vigorous growth
rather than that with open canopy (Park et al., 2019). We regularly
fertilized every pot using a proper quantity based on the pot’s
volume (Park et al,, 2021; Park et al., 2022). At the harvest stage,
which will be described later, populations of Pyeongtaek and
Gapyeong were reasonably and evenly distributed across each
plant age group (n = 21 and 19 in 1%-year; #n = 17 and 23 in 2"-
year; n = 17 and 23 in 3™-year, respectively).

Growth measurement of plant

Height was measured and number of leaves were counted
weekly or biweekly for 12 representative plants of each age group
during the growing season of 2021. This was the period from 10
days after the first sprouting until 15 September, when the above-
ground growth stopped. Plants from each group (n = 20 for each
group) were harvested in July (the middle of growing season) and
September (the end of growing season). They were divided by plant
organ into leaves, stems, and roots, and fresh weights were
measured. Total stem length of each harvested individual was also
measured. Total leaf area was measured using a portable leaf area
meter LI-3000C and a transparent belt conveyer LI-3050C (LI-
COR, NE, USA). After leaf area measurement, the 5 to 7% leaves
from the uppermost leaf were taken to standardize the leaf samples
for the analysis of secondary metabolites (n = 10) and C/N ratio (n =
7) (Park et al., 2021; Park et al., 2022). The leaf samples destined for
the quantification of aristolochic acids were weight. Stems and roots
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were subsampled at approximately 100 mg from each plant. The
remaining plant material was dried in a dry oven at 60°C over three
days. Dry weight was then measured. We estimated the moisture
content for each plant age and organ based on the fresh and dry
weights. Dry weight loss due to subsampling was corrected for
moisture content of fresh weight of subsampled organs. However, in
the case of 1*-year plants, the mass of samples for metabolite
analysis accounted for a large portion of the plant. Thus, the dry
mass of 1*-year plants was measured from individuals that had not
been subsampled (n = 10).

Carbon and nitrogen analysis of plant

To calculate the C/N ratio, we performed stoichiometric
analyses of total carbon (TC) and total nitrogen (TN) ratios in
plant organs. Subsampled organs were dried at 60°C and ground
(Wiley Mini-Mill 3380L10, Thomas Scientific, NJ, USA) to make
homogeneous mixtures. Total carbon and TN were determined
using an elemental analyzer (Flash EA 1112, Thermo Electron,
USA) at Seoul National University’s National Instrumentation
Center for Environmental Management.

Quantification of plant specific secondary
metabolites

Secondary metabolites were extracted using the methods of
Park et al. (2021) with minor modifications. First, samples of organs
from each group of plants were frozen and ground in liquid
nitrogen. Frozen materials (approximately 100 mg) were extracted
by adding 1 ml of 80% MeOH (HPLC grade) and then
homogenized with a genogrinder (1600 MiniG; SPEX Certi Prep,
NJ, USA) operated at 1,200 strokes per min for 120 sec.
Supernatants were collected after centrifugation at 16,100 g for
20 min at 4°C. Then 850 pl of the supernatant was transferred to a
new 1.5 ml tube. After drying the solvent in a speedvac (500 rpm,
c.a. 120 min; HyperVAC VC2124; Hanil Scientific, Daejeon,
Republic of Korea) until dryness, the dried pellet was resuspended
with 250 ul of 40% MeOH (HPLC grade) using a vortex mixer for
10 min. After removing unsolved particles using syringe filters (0.22
um) and centrifugation at 16,100 g for 20 min at 4°C, 150 ul of
particle-free supernatant was transferred to a chromatography vial.

Quantification was conducted using an HPLC-DAD (Dionex
Ultimate 3000; Thermo Scientific, MA, USA) following the method
of Araya et al. (2018) with minor modifications. Standard solutions
of aristolochic acids 1 and 2 (Sigma-Aldrich, MO, USA) were
separately prepared at concentrations of 100, 10, 1, 0.1, and 0.01
pg/ml and diluted in 40% MeOH. A UHPLC C18 column (2.1 mm
x 100 mm, 1.7 pm particle size, ACQUITY UPLC CSH Cl18
Column, Waters, MA, USA) was used for the analysis coupling
with a CI8 pre-column (2.1 mm x 5 mm, 1.7 um particle size,
ACQUITY UPLC CSH C18 VanGuard Pre-column, Waters, MA,
USA). The column was maintained at 40°C. Mobile phase
consisting of distilled water with 0.1% acetic acid (A) and
acetonitrile with 0.1% acetic acid (B) was pumped at a flow rate

frontiersin.org


https://doi.org/10.3389/fpls.2023.1145363
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Jeong et al.

0.4 ml/min. Gradient elution program was as follows: 0 - 1.74 min,
0% B; 1.74 — 12.16 min, 0 - 20% B; 12.16 - 12.5 min, 20 - 50% B;
12.5 - 17.72 min, 50% B; 17.72 - 18.06 min, 50 - 100% B; 18.06 -
18.41 min, 100 - 100% B; 18.41 — 19.1 min, 100 - 0% B; and 19.1 -
19.5 min, 0% B. The injection volume was 3 pul. The detection was
performed with a diode array detector (DAD), recording spectra
between 190 and 400 nm. Peak intensities of aristolochic acids 1 and
2 were quantified at 254 nm. Using reaction curves of a standard
solution, exact concentrations of aristolochic acids 1 and 2 of
samples were determined.

Quantification of herbivores performance

Leaf feeding trials were conducted in July and September, which
corresponded to the stoichiometric analysis period. Eggs of S.
montela were collected on 14™ of July and 9™ of September in
2021, respectively. Larvae hatched on July 16 and September 13,
respectively. They were raised with enough A. contorta leaves and
space to ensure that all larvae were in the second instar stage. At this
time, A. contorta leaves supplied with water and kept fresh, and
consisted of leaves of plants older than 4 years. When larvae reached
second instar stage (July 19 and September 17, respectively), 5™ to
7" leaves were collected from the uppermost leaf of 1%-year, 27
year, and 3™-year plants. To prevent drying, the petiole of each leaf
was immersed in water in a 1.5 mL tube and sealed with Parafilm.
Aluminum foil was used to make tube supports, allowing larvae to
move freely on leaves (Park et al., 2021). A total of 60 specialist
larvae (about 4 mg) were used for each leaf feeding trial.
Randomized sets of 20 larvae were used for each group. Each
larva was separately placed in a breeding dish (90 mm diameter x
40 mm height, cap with nylon-mesh). Whenever more than 50% of
leaves were consumed, leaves were replaced with new ones. We took
a photo of every leaf before and after treatment to calculate the
consumed leaf area using Image] (Schneider et al., 2012). This leaf
feeding trial was performed for six days. Relative growth rate (RGR)
of individual larva was calculated as the ratio of daily weight gain to
initial weight. Estimated assimilation rate was calculated as the ratio
of daily weight gain from the estimated leaf weight consumed.
Because the ratio of leaf weight to leaf area might vary with plant
age, leaf weights were calculated based on leaf area per plant age
according to the equations (Figure SI).

Spodoptera exigua larvae are known to feed on A. contorta
leaves in the field (Park et al, 2022). To evaluate generalist
herbivore performance, the eggs of S. exigua were purchased from
a laboratory colony of the Biological Utilization Institute (Andong-
si, Gyeongsangbuk-do, Republic of Korea). A total of 180 second
instar larvae of S. exigua were selected, with 60 larvae per
experimental treatment, due to higher lethality compared to the
specialist herbivore. For each experimental treatment, three larvae
were placed in a single breeding dish with an individual leaf. All
other details of the leaf feeding trial were identical to those of S.
montela. Leaf feeding trials for generalist herbivore were also started
on 22" of July and 28" of September in 2021, respectively, to match
the time period used for leaf feeding trial of specialist herbivore.
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During leaf feeding trials, we maintained the breeding temperature
at 24°C for both July and September.

Statistical analysis

Two-way analysis of variance (ANOVA) was conducted for
plant age (1%-year, 2"%-year, and 3™-year) and season (July and
September). Duncan’s post-hoc test was used to examine statistical
differences between experimental conditions. All tests were
performed using SPSS 25.0 software (SPSS, Inc., Chicago, IL,
USA). Significance level was set at p < 0.05.

Results

Plant growth and C/N ratio

Between 1°-year plants and 2"-/3"

-year plants, sprouting time
showed a difference of about two months (2"%-/3"-year A. contorta
started to sprout in early April and 1%-year A. contorta sprouted in
early June). Aristolochia contorta individuals of each age group
gradually increased in height and number of leaves over time. Such
increases were evident in June and July, the growing season of the
plant (Figure 1). Finally, plant growth such as height and number of
leaves almost stopped in September in all groups (Figure 1). Dry
weight of each organ of A. contorta increased with the passage of
season and year (Figures 2A-D). The C/N ratio for each organ of the
plant was higher in September than in July (Figure 3). However,
there was no statistically significant difference in the C/N ratio for
each organ of the plant according to age (Figure 3; Table 1).

Aristolochic acids concentrations by plant
age and season

Concentrations of aristolochic acids 1 and 2 in leaves and stems
decreased with the increasing age of plants (Figures 4A, B, D, E). In
particular, concentrations of aristolochic acid 1 in 15‘-year leaves in
July were significantly higher than those in 2"-year and 3™-year
leaves (1°*'-year, 83.80 + 8.69 ng mg''; 2"\-year, 7.61 + 4.62 ng mg';
3"_year, 2.26 + 1.61 ng mg'"). Concentration of aristolochic acid 1
in September in 1%-year leaves decreased to almost half of that in
July (July, 83.80 + 8.69 ng mg''; September, 44.29 + 13.88 ng mg™).
As such, leaf aristolochic acid 1 concentrations were significantly
related to both individual and combined effects of plant age and
season (Figure 4A; Table 1). Concentrations of aristolochic acids 1
and 2 were much higher in the root than in the leaf or stem
regardless of the season (Figure 4). They showed statistically
significant differences according to the season but not according
to plant age (Table 1). That is, concentrations of aristolochic acids
in roots tended to be higher in September than in July. This trend
was somewhat opposite to that in leaves (Figures 4C, F). In addition,
concentrations of aristolochic acids in plant leaves and roots were
not statistically different across source populations (Figure 52).
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FIGURE 1

Height (A) and leaf number (B) of Aristolochia contorta increased with plant age. They were measured from April 12, 2021 (n = 12, respectively).
Two-way ANOVA was conducted for plant height and leaf number according to plant age and season as of July 21 (the growing season) and
September 15 (the end of the growing season). Vertical bar indicates standard error for each group. Different letters represent statistically different
sub-groups by Duncan's post-hoc test (p < 0.05).

Herbivore performance by p[ant age a nd larvae in July showed the lowest growth rate in the 1%-year A.
season contorta leaves feeding group among three plant age feeding groups,

with differences among groups being statistically significant

We examined the effects of plant age and season on the  (Figure 5A; Table 1). However, there was no statistically
performances of herbivores by measuring relative growth rates,  significant difference in consumed leaf area or assimilation rate
consumed leaf areas, and estimated assimilation rates of S. montela  according to plant age (Figures 5B, C; Table 1). In September, the
(specialist herbivores) and S. exigua (generalist herbivores). Overall,  relative growth rate of larvae in all groups decreased dramatically,
relative growth rate, consumed leaf area, and assimilation rate  although larvae were kept at the same temperature as in July. Such
showed similar patterns (Figure 5). In particular, S. montela  decreases were also statistically significant (Figures 5A-C; Table 1).
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FIGURE 2

Growth degree of Aristolochia contorta was measured on July 29 (the growing season) and September 30 (the end of growing season). (A) Total
aboveground dry weight, (B) Dry weight of total leaves, (C) Stem dry weight, (D) Belowground dry weight, (E) Total leaf area, and (F) Sum of stem
length for each group increased with plant age and season. (A-D) Vertical bar indicates standard error for each group (n = 10 in 1%'-year plant; n =
20 in 2"-year plant and 3@-year plant). (E, F) Vertical bar shows standard error for each group (n = 20, respectively). Different letters represent
statistically different sub-groups by Duncan'’s post-hoc test (p < 0.05)
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FIGURE 3

C/N ratio of each organ of Aristolochia contorta in September was more than doubled than that in July, which was statistically significant, although
there was no statistically significant difference in plant age. (A) Leaf C/N ratio, (B) Stem C/N ratio, (C) Root C/N ratio. The vertical bar shows standard
error for each group (n = 7, respectively). Different letters represent statistically different sub-groups by Duncan’s post-hoc test (p < 0.05).

All larvae of S. exigua died when they were fed with 1-year A.  year feeding groups in July, S. exigua larvae in the 3"-year A.
contorta leaves in July, which was the only case among all age and  contorta leaf feeding group showed a higher relative growth rate
season groups (Figures 5D). Their survival number was the highest  than those in the 2™-year feeding group (Figures 5D). The relative
in the 3"-year feeding group, followed by that in the 2"%-year  growth rate of S. exigua larvae decreased in September compared to
feeding group (Figures 5D, G). When comparing 2"%-year and 3"~ July in the 2"%-year and 3"l-year feeding groups (Figures 5D).

TABLE 1 F-values and p-values from two-way analysis of variance (ANOVA) for effects of plant age and season on growth, C/N ratio, aristolochic acid
concentrations of A. contorta, and herbivores performance (statistically significant effects are presented in boldface).

Season Age X Season
F p
Height (cm) 80.996 0.000 20.880 0.000 0.615 0.544
Leaf number (individual ) 36.924 0.000 12.858 0.001 0.459 0.634
Aboveground dry weight (g) 26.783 0.000 6.480 0.013 3.001 0.055
Dry weight of total leaves (g) 29.243 0.000 8.403 0.005 3.119 0.049
Growth
Dry weight of stem (g) 21.655 0.000 2.906 0.092 1.189 0.909
Belowground dry weight (g) 30.588 0.000 32.121 0.000 21.202 0.000
Total leaf area (cm?) 48.028 0.000 15.612 0.000 3.573 0.031
Sum of the stem lenght (cm) 55.674 0.000 22.373 0.000 5913 0.004
Leaf 1.457 0.246 270.727 0.000 1.227 0.305
C/N ratio Stem 1.604 0.215 312.530 0.000 1.157 0.326
Root 1.228 0.305 237.383 0.000 5.324 0.009
Leaf 49.979 0.000 6.040 0.017 5.246 0.008
Aristolochic acid 1 (ng mg") Stem 44.093 0.000 9.825 0.003 26.198 0.000
Root 0.901 0.412 28.512 0.000 0.603 0.551
Leaf 5.967 0.005 0.810 0.372 0.219 0.804
Aristolochic aicd 2 (ng mg™) Stem 12.721 0.000 5.686 0.021 9.949 0.000
Root 0.503 0.608 21.285 0.000 0.248 0.781
Relative growth rate of S. montela (day'l) 3.718 0.027 305.173 0.000 8.952 0.000
Consumed leaf area of S. montela (cm?) 0.236 0.790 196.949 0.000 6.219 0.003
Assimilation rate of S. montela 0.049 0.954 237.548 0.000 0.354 0.702
Herbivore performance
Relative growth rate of S. exigua (day’l) 2.451 0.095 14.017 0.000 3.497 0.067
Consumed leaf area of S. exigua (em?) 3.812 0.028 16.895 0.000 1.102 0.298
Assimilation rate of S. exigua 0.386 0.682 1.143 0.290 0.054 0.817
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Concentrations of aristolochic acids in each plant organ were different with plant age and season. (A) Leaf aristolochic acid 1, (B) Stem aristolochic
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error for each group (n = 10; in case of 1°'-year plant roots, n = 9). Different letters represent statistically different sub-groups by Duncan'’s post-hoc

test (p < 0.05).

However, the number of survived individuals for six days was
significantly higher in September than in July (Figure 5G).

Discussion

Our findings show that the level of investment of perennial
herbs in growth and defense can change with plant age and season
and with plant organs, showing differential impacts on specialist
and generalist herbivores. The aboveground biomass of A. contorta
increased with age and season (Figures 1, 2), with larvae having a
large amount of available food from older plants. The C/N ratio is
widely regarded as a measure of plant nutritional value. A high C/N
ratio of a plant means that it has a low nutritional value for
herbivores (Mattson, 1980; Pérez-Harguindeguy et al., 2003;
Couture et al, 2010). In other words, considering C/N ratios of
plants, the amount of food plants might be higher in September
than in July, but the nutritional value of the food plants might be
higher in July than in September (Figure 3). The higher C/N ratio in
plant leaves in September than in July could be interpreted as an
increase in carbon that allows carbon-based structural constituents
to inhibit with assimilation of herbivores (Royer et al., 2013). While
total carbon was also increased in the present study, the decrease in
total nitrogen was relatively more pronounced (Figure S3). This
seasonal decline in leaf N concentration is a common phenomenon
of leaf senescence (Aerts, 1996; Franklin and Agren, 2002; Habekost
etal, 2008; Lietal, 2017) and the relative N reduction in leaves can
act as a nutritional limitation to leaf-chewing herbivores.

Aristolochic acids have a drastic effect on generalist herbivores,
even in small doses (Jeude and Fordyce, 2014). Thus, a decrease in
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the concentration of aristolochic acids in A. contorta leaves with age
indicates a decrease in the level of constitutive chemical defenses in
aged plants (Figures 4A, D). However, the question remains as to
where the plant invests its energy after the 1%-year of germination.
In this regard, we offer two explanations. First, after the ISt—year, A.
contorta can invest more in growth than in chemical defense. Plants
can selectively invest their limited resources to their priorities
between growth and defense (Coley et al, 1985; Simms and
Rausher, 1987; Herms and Mattson, 1992). In general, young
plants may suffer greater damage from herbivory due to their
lower biomass even if they have the same herbivory intensity
(Bryant et al., 1991; Dirzo et al., 2007; Boege et al., 2011). Thus,
1%-year A. contorta can minimize damage from herbivores by
investing in chemical defense, whereas older A. contorta will
invest in growth more than in defense. The second explanation is
that defensive traits of A. contorta might change over years.
Ontogenetic changes of a plant’s defense traits are frequently
interpreted as changes from direct to indirect, from constitutive
to induced, and from resistance to tolerance (Boege, 2005; Barton
and Boege, 2017). In particular, plant’s tolerance is likely to be
higher in mature plants than in young plants because of limited
resource acquisition and storage reserves in young plants (Strauss
and Agrawal, 1999; Hanley and Fegan, 2007). However, since
changes in defensive traits based on plant ontogeny are hard to
be generalized to all plant species (Goodger et al., 2013; Barton and
Boege, 2017; Ochoa-Lopez et al., 2020), it is necessary to further
study whether A. contorta has other defense traits besides
constitutive and chemical defenses with age.

Roots of A. contorta contained more aristolochic acids than
leaves (Figures 4A, C, D, F), consistent with results of Cui et al.

07 frontiersin.org


https://doi.org/10.3389/fpls.2023.1145363
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Jeong et al.

10.3389/fpls.2023.1145363

A B
= 8 OJul. —_ 40 OJul.
S. montela > ¢oSep. % BSep,
. - &)
(Specialist) S | ‘l‘ <30 t ¢ i
g g ;
o b S
Y < L L
: o b
5 k]
o2 €10 | b
> a S a
= a ]
© a c
° o
X o (&} . R
1st-year 2nd.year  3rd-year 1st.year  2"d-year 3"d-year
Age of host plant Age of host plant
¢ 1 OJul.
OSep.
® 08 r . .
o
c 06
0
=
8
E 04 a a a
2
< 02
0 . .
1st.year 2d.year 3rd-year
Age of host plant
D E
. 0.5 2.0
S. exigua . p, Oul P oJul.
. S oOSep. £ OSep.
(Generalist) o4 | S5 | ’
2 g
A~ 203 r s b
s r=
g g 1.0
0 0.2 a a a
- 3 .
o 05 |
201 [ . : i 2
K 5
é 0.0 LAnded o 0.0
: 1st.year 2nd-year 3rd-year : 1st.year 2nd-year 3rd-year
F Age of host plant G Age of host plant
02 a oOJul. % 60 oJul.
o Sep. @ Sep.
0.16 | g5 |
- 2
o B }
€ 012 a =
o °
- T, a0 f
= 0.08 | c
E 720 |
7]
) kS
< 0.04 | 510
E-}
£
1styear 2"d-year 3rd-year Z 1st-.year 2nd-year 3'-year
Age of host plant Age of host plant

FIGURE 5

Performances of specialist and generalist herbivores were differently affected by plant age and season. (A, D) Relative growth rate (RGR), (B, E)
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0.05).

(2022). The high concentration of aristolochic acids in the root does
not seem to be that the chemical defenses of A. contorta are focused
only on the leaves. There may be unidentified antagonists in the
root zone against which aristolochic acids in the root provide
protection. This is supported by the observation that the
concentrations of aristolochic acids in the aboveground part
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decreased significantly after the first year, while concentrations in
the belowground parts remained high regardless of plant age. In
addition, it is also noteworthy that there was a seasonal increase in
aristolochic acids in the roots from July to September (Figures 4C,
F). In fact, it has been found that A. contorta has a low genetic
diversity because it relies heavily on asexual reproduction, including
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vegetative propagation by roots, rather than sexual reproduction
(Nakonechnaya et al, 2012; Nam et al, 2020). And, when A.
contorta started sexual reproduction, which was in the third year
in our experiment, the concentration of aristolochic acid 1 increased
in flowers and fruits over the course of the season (Figure S4), but
nonetheless concentrations of aristolochic acids in the roots
remained higher in September than July. According to the
optimal defense theory, plants should have strong defenses in
their stages or tissues that have a high fitness value or a high risk
of attack (McKey, 1974; Boege, 2005). Thus, A. contorta might have
allocated aristolochic acids for survival and asexual reproduction in
the following year by accumulating metabolites in their roots at the
end of growth.

This age-dependent defensive traits of A. contorta differentially
affected growths of S. montela (specialist herbivores) and S. exigua
(generalist herbivores). In July, S. montela larvae given 1*-year A.
contorta leaves showed the lowest growth rate among three plant
age groups (Figure 5A). This result is presumably due to high
concentrations ofaristolochic acids in host plant leaves (Figures 4A,
D). However, in terms of survival of all larvae in the ISt—year plant-
fed group, the specialist herbivore showed a high ability to
overcome defenses by specific secondary metabolites, aristolochic
acids. Specialist herbivores can detoxify or sequester specific
secondary metabolites (Agrawal, 2007; Lankau, 2007; Ali and
Agrawal, 2012), but we do not yet know the specific mechanism
by which S. montela detoxifies aristolochic acids. But, S. montela
may also sequester aristolochic acids, as has been reported in other
Aristolochia-feeding swallowtail butterflies (Sime et al., 2000;
Fordyce et al, 2005). This is also suggested by the fact that S.
montela larvae possess an osmeterium known to contain high
concentrations of aristolochic acids in the secretory fluid of
Aristolochia-feeding larvae of Battus polydamas (Priestap
et al., 2012).

On the other hand, generalist herbivores “generally” detoxify
and suppress plant defense mechanisms and might have a greater
impact than specialists on growth and survival by fluctuating plant
defense levels (Ali and Agrawal, 2012; Thiel et al., 2020). Generalist
herbivores are highly susceptible even to low aristolochic acid
concentrations (Jeude and Fordyce, 2014; Park et al, 2022).
Therefore, the fact that the survival number of S. exigua larvae in
July was the highest in the 3"-year feeding group but the lowest (all
died) in the 1*-year feeding group (Figure 5D, G) showed that 1%~
year A. contorta could more effectively defend against generalist
herbivores than against specialist herbivores.

The relative growth rates of both herbivore larvae were significantly
lower in September than in July, with the exception of S. exigua larvae
on one-year-old plants (all died in July), despite similar experimental
temperatures (Figure 5D). This pattern was reflected in
correspondingly lower consumed leaf area and assimilation rates in
September (Figures 5E, F). This result might come from decreased food
quality (significantly lowered nitrogen content) which could be referred
from a high C/N ratio (Figure 3A; Figure S3D). A relatively low
nitrogen content of a host plant might lengthen the development
period of lepidopteran larvae that feed on it and lower their relative
growth rate (Mattson, 1980; Fischer and Fiedler, 2000; Han et al., 2014).
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Thus, it could be assumed that the amount of leaves consumed was
actually decreased because the development itself, including the relative
growth rate, was slow in September after consuming low-nitrogen
leaves. S. montela larvae are observed in natural habitats even at the end
of September, but most of them prepare for overwintering in pupa
stage, rather than adults coming out later (Kim and Kwon, 2010). This
is usually attributed to lower temperatures. However, in September,
even in greenhouses with controlled warm conditions, we observed
delayed larval development and pupation in the fourth rather than the
fifth instar stage (personal observation by SJJ and JYJ), suggesting that
larval development may be delayed by a decrease in the nutritional
value of the host plant. Since S. montela has many natural enemies
mainly in the larval stage (Shin, 1974), delayed larval development on
plants with low nutritional value may lower the fitness of the
population in its natural habitat. In addition, S. exigua showed
higher survival rate in September than in July regardless of the plant
age (Figure 5G). This result is also presumed to be because leaf
consumption of S. exigua decreased in September (Figure 5F) due to
a higher C/N ratio in leaves in September than in July. However, we
only experimented for six days due to the limited number of the 5% to
7™ leaves from the uppermost leaf, so we cannot be certain of survival
rates of S. exigua throughout the entire development period.

In conclusion, we evaluated how leaf-chewing specialist and
generalist herbivores differed in performance according to age-
dependent defensive traits of perennial herbs. Results showed that
plant defense against herbivory stress might vary depending on plant
age and season and that age-dependent defensive traits of plant
could differently affect performances of specialist and generalist
herbivores (Figure 6). Aristolochia contorta showed significantly
higher concentrations of aristolochic acids in 1%-year leaves. Such
high concentration seemed to effectively contribute to chemical
defense against leaf-chewing generalist herbivore. Thus, it is
presumed that A. contorta has a life history that mainly invests in
chemical defense as its main defense mechanism to minimize
damage from leaf-chewing herbivores in a young stage. In
addition, the higher C/N ratios of leaves in September (the end of
the growing season) than in July (the growing season) acted as a
nutritional hurdle, suppressing the performance of surviving larvae.
However, as emphasized earlier, A. contorta has the potential to
invest more defense in its roots, including higher concentrations of
aristolochic acids in roots than in leaves and increasing these
concentrations with the passage of season. In particular, after 1%'-
year, A. contorta seems to give up the constitutive chemical
aboveground defense and maintain only the belowground defense.
Therefore, root defense of perennial herbs need to be further studied
to obtain an in-depth understanding of ontogenetic trajectories of
plant defense. The ontogenetic defense trajectories of perennial
herbs we found in this study were different from studies that
revealed that secondary metabolites generally increased across
ontogeny in herbs (Barton and Koricheva, 2010; Quintero and
Bowers, 2012; Karinho-Betancourt et al., 2015). Indeed, the
trajectory of ontogenetic chemical defense in herbs is species-
specific and also can be dependent on the type of secondary
metabolites (Popovic et al., 2020; Yang et al., 2020). Therefore, the
defense trajectories of these perennial herbs cannot be generalized to
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Summary of differences in secondary metabolite level of Aristolochia contorta according to plant age and season and their effects on performance
of herbivorous insects: (A) 15-year A. contorta invested more in chemical defense and effectively defended against generalist herbivore than
specialist herbivore, (B) The higher C/N ratios of leaves in September than in July acted as a nutritional hurdle, suppressing the performance of
surviving larvae. And root aristolochic acids concentrations became higher in the end of growing season than in the middle of growing season.

simplistic conclusions. Our findings contribute to the understanding
of plant-herbivore interaction dynamics by suggesting that defense
traits along the life history of perennial herbs can have differential
effects on the performances of herbivores with different diet breadth.
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