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Abstract Plant resistance mechanisms to insect herbivory
can potentially be bred into crops as an important strategy
for integrated pest management. Medicago truncatula eco-
types inoculated with the rhizobium Ensifer medicae
(Sinorhizobium medica) WSM419 were screened for resis-
tance to herbivory by caterpillars of the beet armyworm,
Spodoptera exigua, through leaf and whole plant choice stud-
ies; TN1.11 and F83005.5 are identified as the least and most
deterrent ecotypes, respectively. In response to caterpillar her-
bivory, both ecotypes mount a robust burst of plant defensive
jasmonate phytohormones. Restriction of caterpillars to either
of these ecotypes does not adversely affect pest performance.

This argues for an antixenosis (deterrence) resistance mecha-
nism associated with the F83005.5 ecotype. Unbiased
metabolomic profiling identified strong ecotype-specific dif-
ferences in metabolite profile, particularly in the content of
oleanolic-derived saponins that may act as antifeedants.
Compared to the more susceptible ecotype, F83005.5 has
higher levels of oleanolic-type zanhic acid- and medicagenic
acid-derived compounds. Together, these data support
saponin-mediated deterrence as a resistance mechanism of
the F83005.5 ecotype and implicates these compounds as po-
tential antifeedants that could be used in agricultural sustain-
able pest management strategies.
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Abbreviations
ANOVA Analysis of variance
Api Apiofuranose
Ara Arabinose
Dhex Deoxyhexose
Glc Glucose
GlcA Galacuronic acid
Hex Hexose
HexA Uronic acid
HPLC-MS/MS High performance liquid chromatogra-

phy-tandem mass spectroscopy
JA Jasmonic acid
JA-Ile (+)-7-iso-jasmonyl-L-isoleucine
LD Least deterrent
MD Most deterrent
NMR Nuclear magnetic resonance
OPDA cis-(+)-12-Oxo-phytodienoic acid
Pen Pentose
PCA Principal component analysis
Rha Rhamnose
UPLC-qTOF-MS Ultrahigh performance liquid

chromatography-quantitative time-of-
flight-mass spectroscopy

Xyl Xylose

Introduction

Globally, ~15% of agricultural crops are lost annually to insect
infestation and is predicted to increase under changing climac-
tic conditions (Maxmen 2013). Through a better understand-
ing of plant resistance, molecular or selective breeding prac-
tices may lead to an enhancement of endogenous defenses
allowing for better crop protection. Plant resistance to insect
herbivory can be broadly characterized as antixenosis, antibi-
osis or tolerance that involve mechanisms to avoid, reduce or
recover from damage by insect pests (Smith and Clement
2012). Tolerance refers to the ability of a plant to cope with
a certain level of insect herbivory (Trumble et al. 1993). In
some cases, this may even result in stimulating growth; over-
compensatory growth (Scholes et al. 2013). Plant defenses
may form part of antibiosis or antixenosis resistance. Plant
specialized (secondary) metabolites may act directly on the
herbivore to negatively affect growth, development and fecun-
dity or survival; all of which may result in a substantial decline
in pest populations (Mithöfer and Boland 2012). This resis-
tance is termed antibiosis. Antixenosis or deterrence occurs

when the insect is repelled by or not attracted to its potential
host plant (Smith and Clement 2012). Antifeedants that affect
the insect behaviour, thereby reducing feeding, contribute to
antixenosis resistance mechanisms (Isman 2002; Koul 2008).

In Western Australia, North Africa and Mediterranean coun-
tries, the barrel medic,Medicago truncatula Gaert., is an annual
forage and green manure crop (Tivoli et al. 2006). Medicago
truncatula Jemalong A17 (A17) has become a model to investi-
gate temperate legume-rhizobial and other biotic interactions
(Rose 2008; Tang et al. 2014; Young and Udvardi 2009). The
strong colinearity between the genome of this plant and other
legumes has allowed information learned from this tractable
model to be applied to other temperate legumes (Choi et al.
2004; Young et al. 2005). In this study, we analyze the resistance
of six M. truncatula ecotypes (A17, A20, DZA045.5,
DZA315.16, F83005.5 and TN1.11), that were isolated from
different geographical regions and environmental conditions, to
caterpillar herbivory (Table 1) (Gentzbittel et al. 2015; Lazrek
et al. 2009).

Previous studies have compared M. truncatula ecotype re-
sponses to environmental, pathogen and insect stresses (Gao
et al. 2008; Rubiales et al. 2015; Stewart et al. 2009; Zahaf
et al. 2012) (Table 1). Pea aphid, Acyrthosiphon pisum, showed
a preference for M. truncatula A17 over the Jester cultivar in a
choice study (Gao et al. 2008). However, when compared to
ecotypes A20 and DZA315.16, A17 showed higher resistance
against pea aphid (Guo et al. 2012; Stewart et al. 2009).
Therefore,M. truncatula has a range of resistance, both in level
and type (antibiosis and antixenosis), against A. pisum. Further
genetic studies identified the QTL RAP1 as important in pea
aphid resistance (Stewart et al. 2009). Most studies comparing
ecotype resistance to insect herbivory have focused on phloem-
feeding aphids rather than chewing herbivores, such as caterpil-
lars. In this study, we subjectM. trunctula ecotypes to herbivory
by caterpillars of the economically important pest, the beet army-
worm, Spodoptera exiguaHübner (Greenberg et al. 2001). These
caterpillars are generalists able to feed and cause significant dam-
age to diverse agricultural crops.

InM. truncatula, the principal foliar defensive compounds
are pentacyclic triterpenoid saponins that may lead to
prolonged development, reduced survivorship and lower fit-
ness of diverse insect herbivores, from aphids to caterpillars
(Adel et al. 2000; Agrell et al. 2003; Da Silva et al. 2012; De
Geyter et al. 2007; Gholami et al. 2014; Goławska et al. 2012;
Nozzolillo et al. 1997; Tava and Odoardi 1996). InMedicago
species, these glycosylated compounds can be broadly
grouped as soyasapogenol-, gypsogenic acid-, medicagenic
acid- or zhanhic acid-derived depending on the nature of the
aglycone core (Gholami et al. 2014; Huhman and Sumner
2002; Huhman et al. 2005; Kapusta et al. 2005). At β-amyrin,
the saponin biosynthesis pathway bifurcates into the
oleanolic- (gypsogenic acid, medicagenic acid or zhanhic ac-
id) or soyasapogenol-derived compounds.
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Their biological activities are as diverse as the compounds
themselves, though some generalizations may be made. These
amphipathic compounds readily form micelles that may lead
to cell permeabilization or bind hydrophobic compounds,
lowering their availability (De Geyter et al. 2007; Moses
et al. 2014). For example, though still contentious, the
haemolytic property of oleanolic-derived saponins may result
from the interactions with plasma membrane cholesterol,
forming pores and leading to permeabilization (Podolak
et al. 2010). In insect cell culture, saponins from soapbark tree,
Quillaja saponaria, formed pores in the membrane resulting
in permeabilization, suggesting a direct cytotoxic role (De
Geyter et al. 2012). Through micelle formation, saponins
may lower the nutrients available to the insect and/or disrupt
growth (De Geyter et al. 2007; Moses et al. 2014). By binding
to phytosterols that are necessary diet-derived precursors of
the molting hormone ecdysone, saponins may disrupt insect
growth. Saponins may also directly interact with ecdysteroid
receptors. Therefore, phytosaponins are thought to protect the
plant against insect herbivory by acting as antifeedants and/or
growth inhibitors.

Medicago saponins have strong insecticidal properties.
An inverse relationship was found between the saponin
content of different alfalfa cultivars and aphid infestation
(Goławska et al. 2012). An alfalfa saponin extract ad-
versely affected caterpillar growth of the European corn
borer, Ostrinia nubialis, and caterpillar survival of the
European grape moth, Lobesia botrana, and the summer
fruit tortix, Adoxophyes orana (Nozzolillo et al. 1997;
Tava and Odoardi 1996). Egyptian cotton leafworm,
Spodoptera littoralis, caterpillars fed artificial diet laced
with saponin extract from alfalfa, showed high larval mor-
tality, increased developmental time and lower pupal mass
and emergence rates (Adel and Sammour 2012); a decline
in fitness was observed with female moths laying 60%
less eggs that had a lower hatch rate. These effects were
not related with the efficiency of food conversion, but
reflected longer food retention in the gut (Adel et al.
2000). The most potent of these effects are attributed to
medicagenic- type saponins with soyasapogenol-
derivatives showing minimal activity. Alfalfa medicagenic
acid-derivatives are toxic to the pea aphid, Acyrthosiphon
pisum, potato leafhopper, Empoasca fabea and rice wee-
vil, Sitophilus oryzae adults (Da Silva et al. 2012;
Goławska 2007; Goławska et al. 2012; Horber et al.
1974).

In addition to direct effects, saponins often act as feeding
deterrents, negatively affecting feeding behavior supporting
an antixenosis resistance mechanism (Isman 2002; Koul
2008). In most cases, antifeedants act by either stimulating
deterrent sensory cells or interfering with phagostimulatory
signals. This insect behavioural rejection of the plant is often
guided by broad range deterrent chemosensilla rather than

recognition of potential toxic compounds (Koul 2008).
Oleanolic-derived saponins, with zanhic acid or medicagenic
acid aglycones, negatively affected pea aphid probing behav-
iour (Goławska 2007). Rice weevil, Sitophilus oryzae, feeding
was not affected by soyasaponin B but, in contrast, these wee-
vils were strongly deterred by the ketone derivative of this
compound at carbon 22, dehydrosoyasaponin B (Taylor
et al. 2004). Larval Colorado potato beetle, Leptinotarsa
decemlineata, feeding was also negatively affected in a
dose-dependent manner by a crude saponin extract from alfal-
fa shoots (Szczepanik et al. 2001). In choice studies,
Spodoptera littoralis caterpillars preferentially feed from un-
damaged alfalfa rather than wounded alfalfa that had higher
total levels of soyasaponin-based and medicagenin-based sa-
ponins, but not total flavonoids (Agrell et al. 2003); when
restricted to these plants, an effect on caterpillar development
was not observed. Collectively, these studies imply that
Medicago-derived saponins act as feeding deterrents and/or
toxic compounds but, generally, do not seem to interfere di-
rectly with insect development.

In this study, six M. truncatula ecotypes (A17, A20,
DZA045.5, DZA315.16, F83005.5 and TN1.11) were com-
pared for resistance against 4th instar S. exigua caterpillar
herbivory. An in vitro leaf choice study was conducted to rank
the M. truncatula ecotypes. From this, the two most resistant
and two most susceptible cultivars were selected and through
whole plant choice studies, the more herbivore resistant and
more susceptible ecotypes were identified. Caterpillar perfor-
mance on the more resistant and more susceptible ecotypes
was compared in terms of survivorship, developmental prog-
ress and pupal biomass, since it is closely related to fecundity
(Greenberg et al. 2001). Constitutive and induced defenses in
response to caterpillar herbivory were compared in these two
ecotypes. Defense-related phytohormone levels were ana-
lyzed by high performance liquid chromatography-tandem
mass spectroscopy. Unbiased metabolomics, focusing on sa-
ponins, the principal defense compounds in Medicago, were
measured by ultrahigh performance liquid chromatography-
quadruple time-of-flight mass spectroscopy.

Methods and Materials

Chemicals All chemicals were obtained from Sigma Aldrich
Co. unless otherwise noted. All solvents used in the analytical
analysis (hormones, saponins) were high performance liquid
chromatography (HPLC)-grade.

Plant Cultivation Seeds of M. truncatula Gaertn. ecotypes
(A17, F83005.5, DZA315.16, DZA045.5, A20, TN1.11), ob-
tained from inbred lines derived from a natural diversity col-
lection available through the INRA Biological Resource
Centre (INRA BRC-MTR, Montpellier) (Table 1), were
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scarified in 98% sulfuric acid for 15 min, rinsed five times in
sterile distilled water and placed in a Petri dish on moist filter
paper (Garcia et al. 2006). Plates were placed at 4 °C for 2 days
in the dark to break dormancy and then at 22 °C in the light.
Germinated seeds were transferred to Farfard (PV20 Agro
Mix) potting mixture that had been pasteurized at 80 °C for
2 hr and placed in a phytorium cabinet (16:8 light-to-dark
cycle, light intensity 260 μE m−2 s−1, 22 °C). Plants were
bottom-watered 3 times per week with dilute 20–20-20 NPK
fertilizer (0.15 g per liter) for the first two weeks. To simulate
natural conditions at two weeks, plants are inoculated with the
rhizobium, Ensifer medicae (Sinorhizobium medica)
WSM419 and then fertilized 3 times per week with sterile
nitrogen-free fertilizer (MgS04•7H2O, 0.31 mg/l; KH2PO4,
0.21 mg/l; K2SO4, 0.44 mg/l; FeEDTA, 0.06 mg/l; CaS04,
0.05 mg/l; H3BO4, 0.116 mg/l; Na2MoO4•2H20, 0.0045 mg/
l; ZnSO4•7H2O, 0.134 mg/l; MnSO4•H2O, 0.01 mg/l;
CoSO4•7H2O, 0.03 mg/l; CaSO4•5H2O, 0.03 mg/l).

Rhizobium Culture and Plant Inoculation Ensifer medicae
(Sinorhizobium medicae) WSM419 (gift from Drs. J.
Terpolilli and J. Howieson, Murdoch University; Terpolili
et al. 2008) was cultured on TYE plates (K2HPO4 0.5 g/l;
MgSO4•7H2O g/l; NaCl 0.1 g/l; Mannitol 10 g/l; Yeast extract
1.0 g/l; 1.5% agar). Colonies were picked as soon as they were
visible (approx. 3–5 days at 30 °C) and cultured in liquid TYE
medium.When cultures reached an OD600nm = 0.7 to 0.8, 3 ml
was used to inoculate 2-week-old plants. After the experiment,
roots were checked to verify nodule infection.

Insect Maintenance Spodoptera exigua (Hübner)
(Lepidoptera: Noctuidae) caterpillars were reared on a wheat
germ-based artificial diet (BioServ) in growth cabinets at
28.5 °C, 28–40% relative humidity and a 16:8 light-to-dark
cycle. Pupae were transferred into a glass bottle for moth
eclosion and mating. Paper towels were provided as an egg
laying substrate. Eggs were moved to a new container to
maintain the colony.

In Vitro Choice Test Feeding preference studies were con-
ducted by dual-choice tests allowing caterpillars to feed on
leaves fromM. truncatula ecotypes. Three preweighed, newly
mature trifoliate leaves from two different 6-week-old
M. truncatula ecotypes (6 leaves in total) were placed in a
Petri dish equidistant from the centre, with each ecotype being
located in different halves of the dish. After being starved for
one hour, one 4th instar S. exigua caterpillar was placed in the
center of the dish and allowed to feed for 9 hr from 10 pm to
7 am in the dark. Any experiments where leaves were
completely eaten were discarded. To ensure random feeding,
controls comparing herbivory on two sets of leaves from the
same ecotype (random feeding control) were performed.
Leaves were collected and dried in a paper bag in an oven at

40 °C until they reached a consistent dry weight. In addition to
these leaves, a set of fresh leaves from each ecotype were also
weighed fresh and dried to determine the fresh weight-to-dry
weight conversion factor. The consumed fresh weight leaf bio-
masswas calculated using this conversion factor. The experiment
was repeated three times with at least 8 biological replicates per
experimental replicate (n = 24). Paired Student’s t-test was used
to compare biomass loss (Supplemental Table 1A).

Whole Plant Choice Test Based on the leaf choice assay, the
twomore caterpillar-resistant (A17 and F83005.5) and the two
more caterpillar-susceptible (DZA315.16 and TN1.11) eco-
types were used in the whole plant choice experiment.
Caterpillars were given choices between two M. truncatula
ecotypes grown in the same 6 in. pot; there was little differ-
ence in the mean final biomass of the different ecotypes as
determined from the fresh weight of undamaged control plants
(3.8–6 g, data not shown). Six-week-old plants were enclosed
using a clear plastic 2 l bottle. Three 2nd instar caterpillars
were placed on the soil between the plants and allowed to feed
until pupation. To ensure random feeding, a control was per-
formed comparing herbivory on two plants of the same eco-
type (random feeding control). When the insects pupated, fo-
liar plant tissues were removed and dried in a paper bag in an
oven at 40 °C until they reach a consistent dry weight.

Plants from each ecotype without caterpillars were used to
determine the fresh weight-to-dry weight conversion to esti-
mate the plant starting weight. The experiment was repeated
twice with 5 biological replicates (n = 10). Paired Student’s t-
test was used to compare biomass loss (Supplemental
Table 1B).

Insect Development and Performance Three 2nd instar
S. exigua caterpillars were restricted on 6-week-old plants of
either the more resistant F83005.5 ormore susceptible TN1.11
ecotypes. Caterpillar developmental stage was assessed each
two or three days until pupation. The experiment was repeated
three times with 24 caterpillars per ecotype per temporal rep-
lication (3 caterpillars on 8 plants, 2 ecotypes, 3 temporal
replicates, total n = 144). Percent survivorship and caterpillar
developmental instar were compared by Pearson’s Chi-Square
analysis (Supplemental Table IIA). In a parallel experiment,
three 2nd instar caterpillars were allowed to feed on plants
until pupation. Pupae were collected and dried at 70 °C until
a constant dry weight was reached. The experiment was re-
peated three times (3 caterpillars on 8 plants, 2 ecotypes, 3
temporal replicates, total n = 144). Pupal dry weight was com-
pared by Student’s t-test (Supplemental Table IIA).

Constitutive and Induced Plant Defense Responses Based
on the whole plant choice assay, the constitutive and induced
defenses of the more resistant F83005.5 and more susceptible
TN1.11 ecotypes were compared. Six-week-old plants were
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enclosed in a clear plastic bottle (2 l). Half of these plants were
treated with three 2nd instar S. exigua caterpillar that were
allowed to feed until pupation (~2 weeks). The other half of
the plants were not subject to insect herbivory. To measure
constitutive responses, all fully open leaves were removed
from untreated control plants and immediately frozen in liquid
nitrogen (N2). For the induced responses, damaged leaves
were removed from caterpillar-infested plants and immediate-
ly frozen in N2. The leaves were removed in the time frame
from 1:00 to 2:30 pm. All samples were stored at −80 °C until
further analysis.

For the unbiased metabolite studies, for the 2 ecotypes and
the 2 treatments (constitutive and herbivore-induced), 2 plants
were taken at the time of caterpillar pupation and the experi-
ment was repeated three times (n = 6, total n = 24). For phy-
tohormone analysis, plants were subjected to insect herbivory
as outlined above, but total aerial tissue was removed and
immediately frozen in N2 at 0, 6, 12 and 24 hr after continual
herbivory. The experiment was repeated twice with 2 plants
taken for each time point (n = 4, total n = 16).

Phytohormone Analysis Acidic hormones associated with
the jasmonate burst, (cis-(+)-12-oxo-phytodienoic acid
(OPDA), jasmonic acid (JA) and the biological form of
jasmonic acid, (+)-7-iso-jasmonyl-L-isoleucine (JA-Ile)), as
well as salicylic acid (SA) were analyzed at the Proteomics
and Mass Spectrometry Facility at the Danforth Plant Centre
(Missouri, USA). Plant tissues were lyophilized and finely
ground. Deuterated internal standards of SA (D5-SA), and
JA (D2-JA) were added to the plant samples that were then
extracted in ice cold methanol:acetonitrile (1:1, v/v). After
centrifugation (16,000 g × 10 min), supernatants were trans-
ferred, pellet extraction was repeated and supernatants pooled.
The supernatant was evaporated using a speed-vacuum and
the resulting residue dissolved in 30% methanol.

Phytohormone analysis was conducted by high perfor-
mance liquid chromatography-tandem mass spectroscopy
(HPLC-MS/MS). Separation was performed by reverse-
phase HPLC using a C18 column (Onyx, 4.6 mm × 100 mm,
Phenomenex) under a mobile gradient of 40% water contain-
ing 0.1% acetic acid (v/v) (Solvent A) to 90% acetonitrile
containing 0.1% acetic acid (v/v) (Solvent B) in 5 min with
a flow rate of 1 ml min−1. Mass spectra were obtained by a
4000-QTRAP (AB Sciex) using the following parameters:
negative mode ESI (TurbolonSpray), capillary voltage
−4500, nebulizer gas (N2) 50 arbitrary units (a.u.), heater gas
50 a.u., curtain gas 25 a.u., collision activation dissociation
high, temperature 550 °C. Compounds were identified based
on multiple reaction monitoring transitions that were opti-
mized for each phytohormone as well as the deuterium-
labelled standards (Pan et al. 2010). Phytohormone concentra-
tions were determined from standard curves of known
compounds.

Phytohormone levels were compared between F83005.5
and TN1.11 ecotypes at different times by 2-factor analysis
of variance (2-factor ANOVA) using the statistical program
SPSS (IBM SPSS statistics, ver. 23). If a significant difference
was detected (P ≤ 0.05), then a 1-factor ANOVAwas conduct-
ed followed by a Tukey honest significant post hoc test to
determine significant differences (Supplemental Table IIB).

Unbiased Metabolite Analysis Metabolites were analyzed
according to Watson et al. (2015). Briefly, lyophilized foliar
tissues were ground and extracted in 80% methanol for one
hour at room temperature using slow, rotary shaking
(150 rpm). After centrifugation, the supernatant was filtered
into a fresh vial and analyzed by ultrahigh performance liquid
chromatography (Waters Acquity UPLC) coupled to a Waters
Premier hybrid quadrupole time-of-flight (qTOF) mass
spectrometer.

Separation was achieved by reverse-phase chromatography
on a C18 column (BEH, 150 × 2.1 mm i.d., 1.7 μm) main-
tained at 60 °C using a linear gradient from 5% acetonitrile in
0.1% (v/v) aqueous acetic acid to 70% acetonitrile in 0.1%
(v/v) aqueous acetic acid in 30 min, at a flow rate of 0.56 ml/
min.Metabolites were ionized by electrospray and detected by
a qTOF mass spectroscopy operated in the negative mode.
Tandem mass spectra data were acquired using a collision
energy ramp from 55 to 110 eV. The mass spectrometry sys-
tem was calibrated using sodium formate. Waters Markerlynx
software was used to select and align peaks and perform quan-
tification. Compounds were normalized relative to the internal
standard (raffinose) and then to total ion abundance.
Metabolites were identified by comparison against authentic
standards or libraries based on accurate mass and retention
time. Some metabolites were concentrated and further ana-
lyzed by nuclear magnetic resonance (1H, 13C, ROESY) as
described below.

Metabolite levels (peak areas) were analyzed using
MetaboAnalyst 3.0 (www.metaboanalyst.ca; Xia et al.
2015). Data were filtered using an interquantile range (IQR)
and log-transformed and auto-scaled to normalize the data.
Data was observed using Principal Component Analysis and
heatmaps to understand global patterns. Levels of specific
saponin metabolites were considered different between eco-
types or induced in response to herbivory if they met the
criteria of being significantly different by 2-factor ANOVA
and having at least a one-fold (two times) difference in levels
(Supplemental Tables III and IV).

Nuclear Magnetic Resonance (NMR) for Structural
Determination To concentrate the specific compound for
NMR structural determination, UPLC conditions were con-
ducted as above except that separation was achieved using a
linear gradient from 5% acetonitrile with 0.05% formic acid to
30% acetonitrile with 0.05% formic acid over 30 min. The
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column eluent was divided in a ratio of 20:1 using a NMR-MS
bridge (Bruker) between a Spark-Holland Prospect II solid
phase extraction (SPE) Waters Oasis HLB cartridges and
qTOF-MS. Solid phase cartridges were conditioned with ace-
tonitrile (1 ml) and equilibrated with water containing 0.05%
formic acid at 1 ml/min. Peak trapping was controlled using
the Bruker HyStar software: 1.75 ml/min water with 0.05%
formic acid was added to the column eluent before trapping on
the SPE cartridge. Fifteen to twenty × 8 μl injections were
used to obtain enough compound through repetitive SPE trap-
ping. SPE cartridges were dried under N2. The extracted com-
pounds were eluted from the SPE cartridges using methanol-
d4. NMR spectra were obtained on a Bruker Avance III HD
600 MHz spectrometer using a 1.7 mm TCI MicroCryoProbe
at 298 K. NMR data were obtained and processed using
TopSpin 3.2 software. The spectra obtained in methanol-d4
were referenced to residual solvent (1H – 3.31 ppm, 13C –
49.15 ppm). The conditions used to obtain NMR data were
as follows: one dimensional proton spectra (pulse sequence:
WETDC (16 k) or zg30 (64 k); setup and performed with
au_lc l d) were recorded with the following relaxation delays:
WETDC - 3 s, zg30 - 1 s. NMR data were treated with an
exponential function for line broadening of 0.3 Hz before
Fourier transformation. Multiplicity edited HSQC, using the
pulse sequence: hsqcedetgpsp.3, spectra were acquired using
spectral widths of 9 ppm for 1H and 200 ppm for 13C. For
HSQC, 2 k was taken for 96 or 128 data points with a relax-
ation delay of 1 s. A 1D gradient selected ROESY (pulse
sequence: selrogp) analysis which was recorded with a
spinlock time of 400,000 μs, a 2 s relaxation delay, and mul-
tiplied using an exponential function for a line-broadening of
1 Hz before Fourier transformation.

Statistical Analyses Statistical analyses have been outlined in
each above section and were conducted using SPSS version
23 (SPSS Inc.). For the phytohormone analyses, the maximum
normed residual Grubbs’ test was used to identify and remove
outliers (Grubbs 1969).

Results

Identification of Most Deterrent (MD) and Least
Deterrent (LD) Medicago truncatula Ecotypes
to Caterpillar Herbivory

In paired choice leaf tests between the six M. truncatula eco-
types that compared the amounts of detached trifoliate leaves
eaten, ecotype A17 was the most deterrent followed by
F83005.5, whereas DZA315.16 and TN1.11 had the highest
biomass loss (Fig. 1a, Supplemental Table IA). The ranking of
the different ecotypes in terms of biomass loss was
A17 > F83005.5 > DZA045.5 > A20 > DZA315.6 > TN1.11.

Caterpillars fed randomly when allowed to choose between
sets of leaves from the same ecotype (Supplemental Fig. 1A,
Supplemental Table IA).

Based on the leaf feeding study, the two most deterrent
(MD), F823005.5 and A17, and two least deterrent (LD),
DZA315.16 and TN1.11, ecotypes were compared in the
whole plant choice tests (Fig. 1b). Of the four ecotypes tested,
F83005.5 had the least biomass loss followed by
A17 > DZA315.16, whereas TN1.11 was fed upon the most
and was the most susceptible ecotype to caterpillar herbivory
(Supplemental Table IB). These results differ slightly from the
detached leaf choice assay where A17 was more resistant than
F83005.5 and may reflect the transport of compounds from
the root throughout the plant in response to herbivory. Though
this phenomenon has not been reported to occur in
M. trunctula, transport of root phytochemicals to aerial tissues
in response to pathogen or insect attack has been observed in
other plant species (Gaupels and Ghirardo 2013; Yazaki
2006). Caterpillars fed randomly when presented with two
plants of the same ecotype (Supplemental Fig. 1B,
Supplemental Table IB). Based on the two choice feeding
studies, F83005.5 was chosen as the most deterrent (MD)
and TN1.11 was chosen as the least deterrent (LD) ecotypes
to caterpillar herbivory.

Spodoptera exigua Performance

There was no difference in caterpillar mortality when 2nd
instar S. exigua caterpillars were restricted to either
M. truncatula ecotypes TN1.11 (LD) or F83005.5 (MD)
(X(1) – 3.64, P = 0.55, Supplemental Table IIA); approximate-
ly 70% of caterpillars survived until pupation when restricted
to either ecotype. Plant ecotype did not affect development
(number of larvae at the different instars on different days over
the developmental course) (Day 4 X(2) = 2.14, P = 0.34; Day
6 X(3) = 3.20, P = 0.36; Day 8 X(1) = 0.01; P = 0.91) (Fig. 2a,
Supplemental Table IIA) or pupal biomass (P = 0.56) (Fig. 2b,
Supplemental Table IIA).

Medicago truncatula Defense-Related Phytohormones

As expected, a rapid and strong jasmonate burst was observed
in response to caterpillar herbivory (Fig. 3, Supplemental
Table IIB). After 24 hr of continuous herbivory, this was man-
ifested by a six- to thirteen-fold and an eighteen- to fifty-fold
increase in JA and JA-Ile compared to constitutive levels (Fig.
3b,c). In contrast, levels of the jasmonic acid biosynthetic
intermediate and defensive compound 12-oxo-phytodienoic
acid were not affected by insect herbivory (Fig. 3) (Dave
and Graham 2012; Shabab et al. 2014). Salicylic acid levels
also increased in response to caterpillar herbivory with a sig-
nificant increase noted after 24 hr, compared to constitutive
levels (Fig. 3d). Differences in phytohormone levels between

718 J Chem Ecol (2017) 43:712–724



0 5 10 1551015

A17

A17

A17

A17

A17

F83005.5

F83005.5

F83005.5

F83005.5

DZA045.5

DZA045.5

DZA045.5

A20

A20

DZA315.16

F83005.5

DZA045.5

A20

DZA315.16

TN1.11

DZA045.5

A20

DZA315.16

TN1.11

A20

DZA315.16

TN1.11

DZA315.16

TN1.11

TN1.11

Biomass loss (mg FW)

**

**

**

**

**

*

**

**

*

*

**

**

**

**

**a

b

-4 -3 -2 -1 0 1 2 3 4 55

F83005.5

F83005.5

F83005.5

A17

A17

DZA315.16

A17

DZA315.16

TN1.11

DZA315.16

TN1.11

TN1.11

Biomass loss (gm FW)

*

*

*

*

*

*

Fig. 1 Dual choice studies. a
Detached trifoliate leaves. 4th
instar Spodoptera exigua
caterpillars were given the choice
between detached trifoliate leaves
of different Medicago truncatula
ecotypes. Bars represent the mean
biomass consumed (Fresh
Weight, FW) of the two ecotypes
± standard error (n = 24)
(Supplemental Table IA). An
asterix denotes the ecotype with
significantly greater biomass loss
determined by paired Student’s t-
test (*: P < 0.01 **: P < 0.001). b
Whole plants. Three 2nd instar
S. exigua caterpillars were given
the choice between whole plants
of different M. truncatula eco-
types and allowed to feed until
pupation. Bars represent the mean
biomass loss (Fresh Weight, FW)
of the two ecotypes ± standard
error (n = 10) (Supplemental
Table IB). An asterix denotes the
ecotype with significantly greater
biomass loss determined by
paired Student’s t-test (*:
P < 0.01). In each experiment, to
ensure random feeding, caterpil-
lars were also given choices be-
tween either leaves or plants of
the same ecotype (Supplemental
Fig. 1A,B, Supplemental
Table A,B)
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the two ecotypes tested, F83005.5 and TN1.11, were not ob-
served (Fig. 3a–d). In addition, activity of jasmonate-
dependent defenses, such as trypsin inhibitor and polyphenol
oxidase (Bosch et al. 2014; Paudel and Bede 2015), did not
show an ecotype-specific difference (Supplemental Fig. 2,
Supplemental Table IIC).

Medicago truncatula Metabolites

Six hundred and forty-seven metabolites were observed
by UPLC-qTOF MS (Supplemental Table III). Principal
component analysis (PCA) showed that the metabolite
profile was more reflective of ecotype than treatment
(Fig. 4a); approximately 45% of observed compounds
were differently expressed between the two ecotypes.

Saponins are notoriously difficult to identify because
of the positioning of the glycoside moieties (Khakimov
et al. 2016); however, accurate identification of the
aglycone base can usually be determined. In this study,

metabolites are positively or putatively annotated as sa-
ponins (Supplemental Table IV A-C); positive identifica-
tions were made by NMR, tandem MS or comparison to
an authentic sample. Putative identifications were based
on m/z (± 6 ppm), retention time, fragmentation math
and scientific literature. Other metabolites suspected to
be saponins based on their m/z and retention time are
also listed in Supplemental Table IV (D-F). Of the thirty
seven metabolites positively or putatively annotated as
saponins (Supplemental Table IV), sixteen of these
show ecotype-specific differences, based on ANOVA
and one-fold or greater change in compound levels be-
tween ecotypes (Fig. 4b, c). All but one of the eight
medicagenic acid conjugates are significantly higher in
more deterrent plants than in the more susceptible line.
Four zanhic acid conjugates are also higher in the more
deterrent ecotype F83005.5, compared to one zanhic ac-
id derivative in TN1.11.

Discussion and Conclusions

Six M. truncatula ecotypes were compared for their re-
sistance to S. exigua caterpillar herbivory. Through leaf
and whole plant choice studies, the more deterrent
F83005.5 and less deterrent TN1.11 ecotypes were iden-
tified (Fig. 1a, b). Both ecotypes show a strong, robust
increase in the defensive phytohormones salicylic acid
and jasmonates in response to herbivory (Fig. 4b–d).
Ogawa et al. (2010) also observed a wound-induced
increase in foliar total salicylic acid levels after
wounding of Arabidopsis thaliana plants with carborun-
dum. As seen in previous studies (Paudel and Bede
2015), herbivory induces a strong jasmonate burst of
jasmonate and jasmonyl-L-isoleucine but not OPDA
within 24 hr of continuous herbivory (Fig. 3a–c). This
jasmonate burst is the phytohormone signal leading to
induced plant defenses targeted against caterpillar her-
bivory (Wasternack and Hause 2013). However, in the
present study, a difference in phytohormone levels be-
tween the two ecotypes is not observed (Fig. 3).

The performance of caterpillars restricted to the different
M. truncatula ecotypes were compared since longer develop-
mental times increase caterpillar exposure to natural enemies,
as well as may negatively affect the number of reproductive
cycles during a season. Aswell, S. exigua pupal mass is highly
correlated with insect fecundity (Greenberg et al. 2001).When
caterpillars were restricted to these ecotypes, there is no ap-
parent difference in insect performance (Fig. 2, Supplemental
Table 1IA); M. truncatula ecotype did not effect caterpillar
development, pupal biomass or mortality. Together, these re-
sults argue against an ecotype-specific difference in plant
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Fig. 2 Spodoptera exigua performance on Medicago truncatula
ecotypes. Caterpillar development (a) and pupal biomass (b) were
measured on larvae restricted to either M. truncatula ecotypes, TN1.11
(least deterrent, LD) or F83005.5 (most deterrent, MD). The experiment
was repeated three times with 24 caterpillars (3 per plant) on each ecotype
followed each time (total n = 72). Caterpillar development was
statistically analyzed by Pearson’s Chi-Square and pupal mass by
Student’s t-test (Supplemental Table IIA)
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noxious specialized metabolites (antibiosis resistance mecha-
nism), but favour an antifeedant deterrent mechanism.

Unbiased metabolomics identified quantitative and quali-
tative differences in saponin content between the two ecotypes
(Fig. 4b, c, Supplemental Table IV); F83005.5 has more and
higher constitutive and induced levels of oleanolic-type sapo-
nins than the caterpillar-susceptible TN1.11 ecotype. These
oleanoic-type saponins, especially the medicagenic acid con-
jugates, are likely to play an important role in plant resistance
(Faizal and Geelen 2013). Previous studies have shown that
the saponin precursor β-amyrin and soyasapogenin B had
little effect on the feeding behaviour of the Spilosoma oblique
caterpillars (Jain and Tripathi 1991). In contrast, Agrell et al.
(2003) observed that 4th instar Spodoptera littoralis caterpil-
lars preferred undamaged plants ofMedicago sativa, alfalfa, a
close relative to M. truncatula, over wounded plants that had
higher levels of medicagenic acid- and soyasaponin-type sa-
ponins. Caterpillars restricted to the damaged alfalfa plants did
not show alterations in development time but did have re-
duced pupa biomass (Agrell et al. 2003). Together with our
results, this argues for the role of oleanolic-derived saponins
as antifeedants since in our study, insects showed a preference
for the M. truncatula ecotype with lower hederagenin-,
medicagenin- and zhanic acid-derived saponins even though

restriction to the different ecotypes does not affect caterpillar
performance (Figs. 1, 2, 4). Antifeedants often act by stimu-
lating deterrent sensory cells or by interfering with positive
feeding signals rather than having a direct toxic effect, leading
to a behavioural antixenosis mechanism of resistance (Isman
2002; Koul 2008).

Though we cannot exclude the possibility that
deterrence-related resistance is due to other specialized
metabolites not examined in this study, the established
role of oleanolic-derived medicagenic-type saponins as
potent antifeedants provides compelling evidence that
the strong presence of oleanolic-type saponins in
M. truncatula F83005.5 ecotype may be, in part, re-
sponsible for deterrence; however, this must be tested
through further insect physiological studies to identify
sensilla-specific responses to these compounds. Also,
the identification of two M. truncatula ecotypes that
produce substantially different saponin chemotypes will
allow investigation into the regulation of saponin bio-
synthesis that leads to the bifurcation between oleanolic-
and soyasapogenol-derived saponins. Finally, the pro-
duction of antifeedants in crop legumes is an interesting
avenue to be explored in sustainable integrated pest
management practices.
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Fig. 3 Foliar phytohormone dynamics inMedicago truncatula ecotypes
in response to caterpillar herbivory. Leaf phytohormone levels in the first
24 hr after continuous herbivory by three 2nd instar Spodoptera exigua
caterpillars were compared in twoM. truncatula ecotypes, TN1.11 (least
deterrent, LD, ) and F83005.5 (most deterrent, MD, ). Foliar
phytohormones: (a) 12-oxo-phytodienoic acid (OPDA), (b) jasmonic

acid (c) (+)-7-jasmonoyl-L-isoleucine (d) salicylic acid. Statistical
differences were determined by 2-factor analysis of variance
(Supplemental Table IIB). # indicates a significant difference compared
to constitutive levels, ** indicates a significant difference compared to
previous time points (0, 6, 12 hr)
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Fig. 4 Metabolite profile ofMedicago truncatula ecotypes in response to
caterpillar herbivory. Foliar metabolite levels were compared in in two
M. truncatula ecotypes, TN1.11 (least deterrent, LD) and F83005.5 (most
deterrent, MD), after two weeks of continuous Spodoptera exigua
caterpillar herbivory. Unbiased metabolites (a) and saponin (b) levels
are represented by i) Principal Component Analysis and ii) Heat Maps.
Heat maps only represent compounds that are significantly different
between ecotypes or treatments (2-factor ANOVA, P ≤ 0.05)
(Supplemental Tables III, IV). For both unbiased metabolites (a) and
saponins (b), PCA analyses shows that metabolite profile is more distinct
according to ecotype (red = F83005.5, blue = TN1.11) compared to
treatment (constitutive = circle, caterpillar induced = square). This pattern
is also observed in the heat map where ecotype differences are more

pronounced than treatment (red represents higher compound levels and
the blue represents lower compound levels). On the saponin heatmap, the
numbers beside the heatmap indicate the compound retention time andm/
z ratio (Supplemental Table IV). c Saponin biosynthetic pathway. After
β-amyrin, there is a bifurcation of saponin biosynthesis into the oleanolic-
(i.e. hederagenin, medicagenic acid, zanhic acid) or soyasapogenol-
derived saponin classes. The inset boxes by the different aglycone types
identify saponins that were increased in either the TN1.11 (LD) or
F83005.5 (MD) ecotypes. The retention time and m/z ratio are given in
Supplemental Table IV. Abbreviations:Api: apiofuranose, Ara: arabinose,
Dhex: deoxyhexose, Glc: glucose, GlcA: galacturonic acid, Hex: hexose,
HexA: uronic acid, Pen: pentose, Rha: rhamnose, Xyl: xylose
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