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Abstract Plant domestication by selective breeding may re-
duce plant chemical defense in favor of growth. However, few
studies have simultaneously studied the defensive chemistry
of cultivated plants and their wild congeners in connection to
herbivore susceptibility. We compared the constitutive
glycoalkaloids (GAs) of cultivated potato, Solanum
tuberosum, and a wild congener, S. commersonii, by liquid
chromatography coupled to mass spectrometry. We also de-
termined the major herbivores present on the two species in
field plots, and tested their preference for the plants and their
isolated GAs in two-choice bioassays. Solanum commersonii
had a different GA profile and higher concentrations than
S. tuberosum. In the field, S. tuberosum was mostly attacked
by the generalist aphids Myzus persicae and Macrosiphum
euphorbiae, and by the specialist flea beetle Epitrix
argentinensis. In contrast, the most common herbivore on
S. commersonii was the specialist sawfly Tequus sp. Defolia-
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tion levels were higher on the wild species, probably due to
the chewing feeding behavior of Tequus sp. As seen in the
field, M. persicae and E. argentinensis preferred leaf disks of
the cultivated plant, while Tequus sp. preferred those of the
wild one. Congruently, GAs from S. commersonii were
avoided by M. persicae and preferred by Tequus sp. The
potato aphid performed well on both species and was not
deterred by S. commersonii GAs. These observations suggest
that different GA profiles explain the feeding preferences of
the different herbivores, and that domestication has altered the
defensive capacity of S. tuberosum. However, the wild relative
is still subject to severe defoliation by a specialist herbivore
that may cue on the GAs.

Keywords Plant defense - Solanum - Glycoalkaloids -
Herbivore specialization - Plant domestication

Introduction

Plant domestication for human consumption has involved
centuries of selective breeding, in which certain traits have
been favored. As a result, herbivore resistance in cultivated
plants may have been debilitated, since human-selected geno-
types allocate more resources to the growth of edible parts and
photosynthetic tissue, and less to defensive traits (Bazzaz et al.
2009; Herms and Mattson 1992; Rosenthal and Dirzo 1997).
In particular, certain chemical defenses have been selected
against by humans to avoid intoxication (Bautista et al.
2012; Gepts 2004), and chemical protection has been applied
externally, at least during the past century, in the form of
pesticides. It may hence be expected that cultivated plants
should be more susceptible to herbivory than their wild
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relatives, and this has been shown for a few species (Bellota
et al. 2013; Cole 1997; Davila-Flores et al. 2013; Gols et al.
2008a,b; Massei and Hartley 2000; Poelman et al. 2008;
Rosenthal and Dirzo 1997; Small 1996; Wise et al. 2001).
Wild species related to cultivated crops often have been stud-
ied by plant breeders searching for favorable traits, usually
linked to resistance against biotic or environmental factors.
However, few studies have compared simultaneously the de-
fensive chemistry of cultivated plants and their wild conge-
ners, their herbivore susceptibility, and the causal link be-
tween these factors (Cole 1997; Gols et al. 2008a,b;
Poelman et al. 2008). Besides furthering our fundamental
knowledge about the actual role and relative importance of
plant defensive chemicals against insect herbivores, these
comparative studies also provide valuable insight that can be
used by crop scientists and agro-ecologists to design crop-
management practices that enhance the efficacy of pest
control.

Insect herbivores have evolved strategies for counteracting
plant chemical defenses, and diet breadth is a major part of
those strategies (Schoonhoven et al. 2005). Generalist
(polyphagous) species feed on plants from different families,
while specialists utilize one or a few plant species, usually
within a single genus (monophagous) or a single family
(oligophagous) (Schoonhoven et al. 2005). Specialist herbi-
vores usually tolerate the defensive metabolites of their host
plants, or even benefit from them for their own development
or as anti-predatory defenses (Ali and Agrawal 2012;
Schowalter 2006). Specialization is the norm among herbivo-
rous insects, with generalists only accounting for about 10 %
of the species (Bernays and Graham 1988). Specialization
implies for a plant a higher risk that at least some insect
species will be adapted to its chemical defense. Chemically
defended species, therefore, while protected against general-
ists, are still attacked by a narrow spectrum of specialist
herbivores. Domesticated relatives, in turn, may be at greater
risk of attack by a broader spectrum of herbivores, if they
produce a smaller amount or less diverse defensive chemicals.
Therefore, a comparison of wild and cultivated plant species
regarding their chemical defensive capacities should incorpo-
rate, as a relevant factor, the degree of dietary specialization of
the herbivores involved.

The genus Solanum (Solanaceae) is characterized by the
production of steroidal glycoalkaloids (GAs) (Eich 2008).
Chemically, these metabolites possess interesting structural
and electronic features as a result of combining a rigid steroi-
dal skeleton, a basic heterocyclic nitrogen, and a polar sugar
moiety. GAs are indeed bioactive, and usually have been
associated with plant defense against herbivorous insects
(Flanders et al. 1992; Fragoyiannis et al. 1998; Friedman
2002; Jansky et al. 2009; Kowalski et al. 1999; Lorenzen
et al. 2001; Mulatu et al. 2006; Nenaah 2011a; Nenaah 2011b;
Rangarajan et al. 2000; Tingey 1984; Yencho et al. 2000). In

@ Springer

the cultivated potato, Solanum tuberosum, the GAs have been
selectively reduced by breeding, since they have a bitter taste
and are potentially toxic to humans in concentrations higher
than 200 mg/kg of fresh tuber (Gregory etal. 1981; van Gelder
et al. 1988). The most common GAs in S. tuberosum are -
solanine and «-chaconine, which usually make up for more
than 95 % of the GA mixture (Friedman et al. 1997). These are
glycosides of the same steroidal aglycone solanidine, varying
in their trisaccharide sugar moiety. GAs from several wild
Solanum species that occur in South America have been
studied. Among these, S. commersonii, a wild and native
species that grows as a weed in Southern South America,
has been shown to produce mostly tretrasaccharide GAs,
including tomatine, commersonine, demissine, dehydro-
commersonine, and dehydro-demissine (Vazquez et al.
1997). Different populations of S. commersonii show great
variability in their GA contents, both qualitatively and quan-
titatively (from 30 to 40000 mg/kg of fresh leaf biomass)
(Pianzzola et al. 2005). While S. commersonii and its hybrids
with S. tuberosum have been studied for pathogen resistance,
there have been no reports on natural insect herbivory on
S. commersonni, its connection to their GA contents, or its
comparison with the cultivated congenere.

We used these domesticated and wild Solanum species as a
model for a comparative study of the role of plant chemical
defenses on herbivore resistance, and their differential effects
on generalist and specialist herbivores. Our objective was to
correlate plant domestication with herbivore diversity and
abundance, defensive chemistry, and chemically-mediated
host plant preference. Specifically, we assessed field herbivo-
ry levels in the cultivated S. fuberosum and its wild congener
S. commersonii, we characterized their constitutive GA chem-
istry and quantified their GA concentration, and we evaluated
the preference of the main generalist and specialist insect
herbivores for both, the plant leaves and their isolated GAs.

Methods and Materials

Plants and Insects Cloned accessions of S. tuberosum (var.
Ipora) and S. commersonii (accession 05.02—6) were obtained
from a Solanum germoplasm bank located at the National
Institute of Agricultural Research (INIA, Las Brujas field
station, Canelones, Uruguay). Plants were propagated under
laminar flow conditions, from internodal stem cuts with a
single bud. Cut stems were first cultured in vitro for 15 days
(3000 lux; 21£2 °C; 16:8 h L:D regime), on enriched agar
medium containing salts, vitamins, and sucrose (Murashige
and Skoog 1962; Staba 1969). Once the plants reached four
nodes, they were transferred to seedbeds and placed in a
greenhouse for promoting vegetative growth. After 2 weeks,
plants were either transplanted in the field for the field-plot
experiment, or transferred to plastic pots and allowed to grow
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for 15 additional days before taking them to the laboratory for
experimentation, GA extraction, or maintenance of insect
cultures. Plants hence were used during the vegetative phase.

Aphids (Hemiptera: Aphididae) were cultured in an environ-
mental chamber (1941 °C, 60+10 % RH, 14:10 h L:D regime).
Myzus persicae were reared on pepper plants (Capsicum
annuum) grown from seeds, while Macrosiphum euphorbiae
were maintained either on S. tuberosum or S. commersonii
plants obtained as described above. Larvae of Tequus sp. (Hy-
menoptera: Pergidae) and adults of Epitrix argentinensis (Cole-
optera: Chrysomelidae) were used within a few days after field
collection on S. commersonii or tomato, respectively. They were
maintained in the laboratory under controlled conditions (5000
lux, 23+2 °C, 50+£10 % RH, 14:10 h L:D), on these same plants
(tomato grown from seeds), until experimental use.

Field-plot Experiment The experiment was conducted in an
organic (pesticide-free) research farm located at the National
Institute of Agricultural Research (INIA, Las Brujas field
station, Canelones, Uruguay), from February to June of
2011. To compare the diversity and abundance of herbivores
in S. tuberosum and S. commersonii, cloned plants were
transferred to alternate plots (3 x 3 m) separated 3 m from
each other. The experiment consisted of 7 plots per Solanum
species, and 48 plants distributed evenly in each plot. Oat
seeds (4Avena sativa) were sown in between plots to prevent
the growth of weeds. Insects were sampled weekly by thor-
ough inspection of the aerial parts of three randomly-chosen
plants in each plot. Plants were sampled without repetition,
and the experiment was conducted for 6 wk, hence sampling
a total of 126 plants per species, and covering the entire plant
cycle (vegetative growth, flowering and tuberization).

When the experiment ended, 15 plants of each species were
harvested and taken to the laboratory to estimate leaf area
consumption. Plants were selected from all plots, at random
within the plot, without including those sampled for insects.
For each plant, alternate leaves were clipped off from the
entire plant, and their remaining area was measured. Measure-
ments were done by setting each leaf flat on a paper sheet,
along with a flat reference object of known area. Digital
images of the leaves were then analyzed using the software
Image] (v1.43, http://rsb.info.nih.gov/ij/). The complete leaf
area (expected with no herbivory) was then estimated by
digitally reconstructing the leaf margins and measuring the
enclosed area. Thus, the missing leaf area, presumably lost to
herbivory, was calculated and expressed as a percentage. All
leaves (either measured or not) were then dried at 50 °C until
constant leaf weight. Therefore, the leaves actually measured
and weighted allowed for a calculation of a factor (leaf
area/dry biomass) for each plant, which was used to estimate
the total leaf area of the plant. These calculations indicated that
4442 % and 43+3 % of the leaf area was actually measured
for S. tuberosum and S. commersonii, respectively.

Preference Bioassays Two-choice preference bioassays were
performed to compare herbivore resistance in both Solanum
species, and the defensive role of GAs. The bioassays were
conducted with the main herbivore species found in the field-
plot experiment: the aphids M. persicae and M. euphorbiae,
E. argentinensis adult beetles, and hymenopteran larvae
Tequus sp. Leaf disks (1.2 cm diam.) were cut from healthy
plants, and set flat over a layer of 2 % agar, equidistant from
the center and the margins of a Petri dish (6.1 cm diam). Two
experiments were performed with each herbivore, one in
which the insects were offered a choice between leaf disks
of both Solanum species, and one to evaluate the effect of
GAs. For the latter, leaf disks of S. tuberosum were treated
with topical addition of GAs from S. commersonni, using
solvent-treated disks as controls. The extract (0.8 pg/ul) was
added in 10 ul MeOH to obtain a dosage of 8 pg, which
corresponds to the average amount of GAs extracted from a
mass equivalent to one 1.2-cm leaf disk of S. commersonii (22
+1 mg, N=10; GAs in plant: 0.36+0.09 mg/g fr.wt., N=5).

Aphid preference was evaluated as the percentage of aphids
settled on each leaf disk after 24 h. Fifteen M. persicae or ten
M. euphorbiae (adult and late instar nymphs) were placed in the
center of the Petri dish using a soft paint brush, and the dish was
left upside down for 24 h. Replicates were considered valid if
more than 50 % of the aphids were alive after 24 h, and if at least
half of these had settled on a leaf disk. An additional experiment
was done for M. persicae to test if the preference for S. tuberosum
was due to the lower amount of GAs present in this plant, as
opposed to the type of GAs. To increase the amount of GAs, an
extract of GAs from S. tuberosum was added to S. tuberosum leaf
disks (10 pl; 1 pg/ul MeOH), and tested against control
S. tuberosum disks (10 pl MeOH). The dosage of GAs applied
corresponded to a 1.7-fold increase, given the average amount of
GAs extracted from a mass equivalent to one 1.2-cm leaf disk of
S. tuberosum (21+1 mg, N=10; GAs in plant: 0.28+0.04 mg/g
frwt., N=5). The preference of E. argentinensis adults and
Tequus sp. larvae (2nd — Sth instar) was evaluated as the percent-
age of leaf disk consumed (assessed visually and categorized as
0, 25, 50, 75, or 100 %). One E. argentinensis adult or larva of
Tequus sp. was placed in the center of the Petri dish, and the
percentage of area consumed was recorded visually every 30 min
for 3 h, or until 100 % of one disk had been consumed. An
additional measurement was done for E. argentinensis at 24 h
since they fed at a slower pace. Insects that had not begun feeding
in the first two observations were replaced.

Glycoalkaloid Analysis All leaves of individual plants were
extracted to analyze their GA contents. Leaves were cut,
weighed, and dried at 50 °C until no difference in weight
was observed (0.42+0.01 g, 0.45+0.06 g for S. tuberosum
and S. commersonii, respectively, N=>5 plants/species). Dried
leaves were grounded in a mortar with 5 ml of 1 % acetic acid,
and the solution and plant tissue then were transferred to a
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glass centrifuge tube for sonication (5 min) and subsequent
centrifugation (5 min). The mortar was washed with 1 ml of
1 % acetic acid, and both solutions were joined before soni-
cation and centrifugation. The supernatant solution was sepa-
rated, and the plant tissue was re-extracted with 5 ml of 1 %
acetic acid. The joined extracts were filtered under vacuum,
and purified by solid phase extraction using a Sep-Pak C18
cartidge (1000 mg). The cartridge was conditioned with 3 x
3 ml MeOH, 3 x 3 ml water and 3 x3 ml 1 % acetic acid; the
extract then was applied to the cartridge, washed with 40 %
MeOH (10 ml), and the GAs were eluted with MeOH (10 ml).
The methanolic GA extract was evaporated to dryness under
vacuum, weighed, and stored at —20 °C for chemical analysis
or bioassays (Ferreira et al. 1993).

Liquid chromatography-mass spectrometry (including
tandem MS-MS) was performed using a HPLC instrument
(Agilent 1200, Agilent Technologies, Palo Alto, CA, USA)
coupled to an ion trap mass spectrometer (Esquire 6000,
Bruker Daltonics GmbH, Bremen, Germany). Samples
were analyzed using a reversed-phase Luna C18 analytical
column with 100 mm length, 3 mm internal diam and 3 um
particle size (Phenomenex, Torrance, CA, USA), main-
tained at 40 °C. Extracts (1 mg/ml) were injected in MeOH
(5 pl) and the GAs were separated using a linear gradient of
20 % to 30 % of acetonitrile in formic acid (10 mM) in
15 min. The flow rate was 0.35 ml/min and the split ratio
before introduction to the mass spectrometer was 1:1. Mass
spectrometry was performed in positive-ion mode, using
the following conditions: electrospray source endplate off-
set voltage=—500 V; capillary voltage=—4000 V; nebuliz-
er=40 psi; dry gas flow=9.0 L/min; dry gas temperature=
365 °C. Nitrogen was used as the drying and nebulizing
gas. Acquisition and data analysis were performed with
Bruker Compass Data Analysis 4.0 SP 1 (version 1.2
SR1, BukerDaltonik GmbH). The relative and absolute
quantification of GAs in the extracts was based on the peak
areas of the [M + H]" ions. Absolute quantification was
done by extrapolation from a calibration curve obtained
from standard solutions of «-solanine (Sigma-Aldrich; 10,
100, 1000 ppm; #*>0.999). Hence, the net quantitative
values are expressed as x-solanine equivalents.

Statistical Analysis Insect abundance in S. tuberosum and
S. commersonii was compared by a repeated-measures
ANOVA, using sampling weeks as within-subjects factor [in-
sect counts were transformed to \(x+1)]. The percentages of
missing leaf area (herbivory) in the field-plot experiment, and
the effects of plant rearing in the choice bioassays with
M. euphorbiae, were analyzed by the Mann—Whitney U test.
Insect preference in choice bioassays was analyzed by the
Wilcoxon signed-rank test for paired samples. Differences
were considered significant at P<0.05. Data are expressed
as mean = SEM throughout.
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Results

Field-plot Experiment The main herbivorous insect species
found throughout the experiment were the aphids M. persicae
and M. euphorbiae, adult leaf beetles of E. argentinensis, and
sawfly larvae Tequus sp. In addition, a few adults of
Diabrotica speciosa (Coleoptera: Chrysomelidae) were spo-
radically observed in both plant species, and will not be
considered any further. The aphids and E. argentinensis, both
regarded as potato pests, were more abundant on S. tuberosum
(Figs. 1a, b), whereas larvae of Tequus sp. were found almost
exclusively on S. commersonii (Fig. 1c) (see figure legend for
statistical details). The wild S. commersonii showed lower
total leaf area but a significantly higher relative missing leaf
area than the cultivated potato S. fuberosum (Table 1). The
lower leaf area of S. commersonii was accounted for by its
lower specific leaf area, since foliage biomass, either fresh or
dry, was not significantly different between species (Table 1).

Preference Bioassays In agreement with its behavior in the
field, M. persicae preferred to settle on leaf disks of
S. tuberosum when tested against S. commersonii (P=0.002)
(Fig. 2al). This preference was partially explained by the GAs
present in S. commersonii, since S. tuberosum leaf disks
treated with GAs from the wild species were less preferred
than disks treated with solvent (P=0.02) (Fig. 2a). This dif-
ferential behavior was a result of the particular GA composi-
tion of S. commersonii because the addition of extra GAs
extracted from S. tuberosum to S. tuberosum leaf disks had
no effect on the preference of M. persicae, with 48.84+2.3 %
and 51.2+2.3 % of the aphids settled on control or GA-
supplemented leaf disks, respectively (Wilcoxon signed-rank
test, P=0.61, N=41). In disagreement with its behavior in the
field, M. euphorbiae showed no preference for settling on leaf
disks of either species (Wilcoxon signed-rank test, P=0.18 and
P>0.99, for aphids grown on S. tuberosum or S. commersonii,
respectively) (Fig. 2b1). As expected from these results, the
addition of GAs extracted from S. commersonii had no effect
on the preference of M. euphorbiae for S. tuberosum leaf disks
(Wilcoxon signed-rank test, P=0.07 and P=0.30, for aphids
grown on S. tuberosum or S. commersonii, respectively)
(Fig. 2 b2).

Food choice bioassays for the chewing herbivores agreed
with the behavior in the field. E. argentinensis beetles pre-
ferred to feed on S. tuberosum (P<0.05) (Fig. 2¢c1), although
this choice was not explained by a significant rejection to GAs
from S. commersonii (P=0.37) (Fig. 2¢2). The larvae of
Tequus sp., which were found in the field almost exclusively
on S. commersonii, showed a clear preference for this species
(P<0.001) (Fig. 2d1), and this preference was due, at least in
part, by a preference for S. commersonii GAs, as indicated for
the higher preference for S. tuberosum leaf disks treated with
S. commersonii GAs (P<0.001) (Fig. 2d2).
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Fig. 1 Abundance of herbivorous insects in the cultivated potato Solanum
tuberosum (black squares) and the wild congener S. commersonii (open
circles). a Aphids (Myzus persicae and Macrosiphum euphorbiae); b adults
of Epitrix argentinensis; ¢ larvae of Tequus sp. Data points represent the
number of insects sampled in 3 plants of a single plot. Repeated measures
ANOVA: Aphids: F; 1,=38.30, P<0.001; E. argentinensis: F ; ;=9.48,
P<0.01; Tequus sp.: F (;,12=36.52, P<0.001

Glycoalkaloid Analysis 1LC-MS analysis of GA extracts of the
accession of S. commersonii used in this study showed 7
chromatographic peaks (Fig. 3a, Table 2). The major

compound (5), representing 80 % of the total GA mixture,
showed a [M + H]" ion of m/z 1016.5, which suggested a GA
with a tetrasaccharide sugar moiety (Distl and Wink 2009). In
further MS-MS analysis of the [M + H]" ion, its fragment ions
indicated the loss of a terminal pentose (132 mass units, m/z
884) and three hexoses (each 162 mass units). The loss of this
sugar moiety (lycotetraose) resulted in a fragment of m/z 398,
which corresponds to the common aglycone solanidine (Fig. 3
b, Table 2) (Distl and Wink 2009). This information, along
with previous reports of GAs from S. commersonii (Vazquez
et al. 1997), allowed for the identification of dehydro-
demissine as the major GA. The next more abundant GA in
S. commersonii (6) showed two additional mass units in its [M
+ H]" ion (Table 2), and the MS-MS fragments showed the
same fragment pattern of the sugar moiety lycotetraose, with
an aglycone of m/z 400 that corresponds to demissidine.
Therefore, GA 6 was identified as demissine, which has also
been reported as a major GA in S. commersonii (Vazquez
et al. 1997). Two minor GAs, 3 and 4, were identified tenta-
tively as dehydro-tomatine and dehydro-commersonine by
comparison of their mass spectra with those previously report-
ed GAs (Distl and Wink 2009). Dehydro-tomatine showed a
[M + H]" of m/z 1032, and MS-MS fragment ions that
matched the loss of a lycotetraose sugar moiety, resulting in
a fragment of m/z 414 that corresponds to the aglycone
tomatidenol. Dehydro-commersonine showed a [M+H]" of
m/z 1046, and MS-MS fragment ions that matched the loss of
four hexose moieties (648 mass units, commertetraose), with
the aglycone solanidine (m/z 398). Hence, four of the seven
GAs from S. commersonii were identified, which combined
represent roughly 91 % of the GA mixture. The remaining
peaks (1, 2 and 7) also correspond to GAs given their mass
spectra, and remain to be identified.

The glycoalkaloid extracts from S. tuberosum were simi-
larly analyzed, showing 6 peaks in their LC-MS chromato-
grams (Table 2). The two major peaks, 8 and 9, representing
more than 95 % of the GA mixture, were identified as the
common GAs o-solanine and «-chaconine, respectively. The
identification was based on the eluting order, the [M + H]"
ions of m/z 868 and 852, the MS-MS fragment ions corre-
sponding to the trisaccharide sugar moieties solatriose and
chacotriose, and the fragment of m/z 398 that corresponds to
the aglycone solanidine (Distl and Wink 2009). The uniden-
tified peaks 10—13 are also regarded as GAs from their mass
spectra. The net concentration of GAs in the plant tissue

Table 1 Fresh and dry plant fo-
liage biomass, foliar area and

S. tuberosum S. commersonii Mann—Whitney U

consumed leaf-area of Solanum
tuberosum and S. commersonii
after the field-plot experiment

Fresh biomass (g) (N=10 plants)
Dry biomass (g) (N=10 plants)
Foliar area (cm?) (N=15 plants)

Consumed leaf-area (%) (N=15 plants)

185+33 104+£13 W=128; P=0.08

11.4+2.1 6.9+£0.9 W=124.5; P=0.14
2943+415 1262+170 W=307; P=0.002
1.23+0.14 2.95+0.36 W=141; P<0.001

@ Springer



J Chem Ecol

Fig. 2 Preference of the aphids 80 1 a1 £ 80 132 *
Myzus persicae (a) and N =20 N =25
Microsiphum euphorbiae (b), - 60 60
Epitrix argentinensis beetles (c), § %
and Tequus sp. larvae (d), gy 40 - 40
between leaf disks of the s
cultivated S. tuberosum or the 20 20
wild S. commersonii (left), and 0 0
between leaf disks of
S. tuberosum treated either with 60 - 60 -
solvent (control) or with bl n.s. 50 b2 n.s.
Glycoalkaloids (GAs) extracted L >0 Niup = 25 Niub = 34
from S. commersonii (right). 23 40 Neom = 25 40 Neom = 26
Preference is shown as % settling ~§ g, 30 30
for the aphids, and as % leaf T e 20 20 -
consumed for the chewing s
insects. Asterisks show 10 10
significant differences according 0 0
(o the Wilcoror signedank s R * 0 c2
P<0.001). Error bars indicate é g 40 N =39 40 - N=39
SEM; n.s. means not significant; g2 30 30
N is the number of replicates. g 8
Because the two populations of 23 20 20
M. euphorbiae, raised on both : q: 10 4 10
Solanum species, showed no 2
differences in the bioassays X 0 0
(Mann-Withney U test, W=596.5, 80
P=0.43 and =920, P=0.06, for 5 813 - d2 .
bl and b2, respectively), and were E’ 60 - N =40 60 N =39
combined for the figure (N, and g 3
an‘l refers to the number.of § § 40 0
replicates for M. euphorbiae g3
raised on S. tuberosum or =~ E 20 20 |
S. commersonii) 8

EN 0 i 0

Cultivated wild MeOH GAs

(leaves) was higher in the wild species S. commersonii, which
contained 1.46+0.14 mg/g of leaf biomass (dry weight) (N=
5), more than twice the GA concentration of S. tuberosum
(0.65+0.19 mg/g of dry leaf biomass) (N=5) (Mann—Whitney
U test: W=10, P=0.03).

Discussion

Our field results showed that the two Solanum species differ
in the diversity and abundance of insect herbivores. While
aphids and the chrysomelid beetle E. argentinensis were
more abundant on S. tuberosum, the sawfly larvae Tequus
sp. were almost exclusively on the wild species S.
commersonii. The chewing feeding habit of Tequus sp.
most likely explains that S. commersonii lost more leaf area
than S. tuberosum, which was in turn mostly attacked by
phloem-sucking aphids. The observed host-plant associa-
tions may be, at least in part, influenced by differences in
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Solanum species S. tuberosum treatment

the defensive chemistry of the plants, as shown by the
chemical analyses of GA extracts from healthy plants. Not
only the concentration of GAs was significantly higher in
the wild species S. commersonii, but also the GAs differed
in their chemistry, particularly in the glycosidic part of the
molecule. The main GA in S. commersonii was dehydro-
demissine, a tetraglycoside of solanidine, the same agly-
cone of the triglicosydes o-solanine and «-chaconine, the
main GAs in S. tubersoum.

The importance of the glycosidic portion of GAs in mod-
ulating their biological activity was not unexpected (Giintner
etal. 1997; Roddick et al. 1992), and the results of our choice
bioassays are consistent with this notion. In fact, GAs signif-
icantly affected host plant selection, and they did so differently
for two of the herbivores included in our study. The aphid M.
persicae, which preferred to feed on the cultivated plant,
showed a negative response toward the GAs from S.
commersonii when these were applied on S. tuberosum leaf
disks. Such response was not due to an increase in the total
GA concentration, since the aphids showed no avoidance
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toward leaf disks with an increased amount of S. tuberosum
GAs. In the case of Tequus sp. larvae, which preferred to feed
in S. commersonii, the GAs from the wild species were a
phagostimulant when added to S. tuberosum leaf disks, likely
explaining the clear host plant preference shown by Tequus sp.
larvae both in the field and in the bioassays. Therefore, our
results show that producing more defensive GAs, while con-
ferring protection against generalist herbivores, does not nec-
essarily result in less herbivory damage, due to specialized
insects such as Tequus sp., which may be cued on these
compounds. Interestingly, the sawfly genus Tequus is re-
stricted to the Neotropics and reported to feed exclusively
on Solanum species (Schmidt and Smith 2006), sharing
therefore evolutionary history with GA-producing plants.
Further, host plant specialization and sequestration of
chemical defenses is not unusual in sawflies (Barker et al.
2002; Bowers et al. 1993; Crockett and Boevé 2011; Eisner
et al. 1974; Miiller et al. 2001; Opitz et al. 2010, 2012;
Prieto et al. 2007; Schaffner et al. 1994; Schaffner and
Boevé 1996), including members of the Tequus family
Pergidae (Carne 1962; Tait 1962; Morrow et al. 1976;
Schmidt et al. 2000, 2010). It thus is conceivable that
Tequus sawflies are cueing on S. commersonii GAs to

fragmentation of the [M+H]" ion for the identification of dehydro-
demissine. Daughter ions correspond to different losses of sugar moieties
and to the aglycone solanidine (m/z 398.6)

locate their host plant, or even to obtain chemical defenses
for their own protection against predators, hypotheses that
deserve further investigation.

While no distinction was made between aphid species
during field monitoring, only two common generalist species,
M. persicae and M. euphorbiae, were later identified. Inter-
estingly, these species showed different responses in their host
plant preferences in choice laboratory bioassays. As already
discussed, M. persicae preferred to settle on the cultivated
S. tuberosum, and was deterred by GAs from the unpreferred
plant S. commersonii. On the other hand, M. euphorbiae
showed no preference, and it was not deterred by the defensive
chemicals. The absence of preference was independent from
previous experience, since M. euphorbiae raised on
S. tuberosum or S. commersonii showed equal responses.
These results show that herbivores with similar feeding habits
and broad diet preferences may respond quite differently to
specific plant defensive metabolites. While a general mecha-
nism may be expected regarding the tolerance of highly po-
lyphagous herbivores to a given type of chemical defense, our
results clearly show that some generalists are significantly
more capable than others for withstanding moderate amounts
of plant toxins, as shown here by M. euphorbiae.
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Table 2 Chromatographic, spectroscopic and relative abundance data for the main glycoalkaloids (GAs) from Solanum commersonii and S. tuberosum

Species GA Rt(min) Compound Molecular [M+H]" Main fragment ions® % Area [M + H]"
formula MS-MS of [M+ H]" mean + SEM®
S. commersonii 1 2.5 n.i.° 1033 1014.5/900.4/882.3/870.5/ 0.44+0.12
853.5/558.3/576.1/379.6
2 39 n.i. 1031 898.5/850.3/736.4/718.2/574.3/ 73+1.8
556.5/433.3/412.4/394.6
3 4.7 Dehydro-tomatine CsoHg1NO,;  1032.5 900.3/870.3/576.4/567.3/414.4/396.4 1.29+0.22
4 69 Dehydro-commersonine  Cs,HgsNO», 10466 1038.5/1016.4/884.4/560.5/398.4/390.5  1.33+0.08
5 7.6 Dehydro-demissine CsoHg1NOyo  1016.5 884.6/854.6/722.6/560.6/398.6/380.5 80.4+1.9
6 84 Demissine CsoHgsNOap  1018.6  886.6/856.6/724.7/562.5/400.6/382.6  7.84+0.63
7 15 n.i. 1195.6 1063.6/1033.5/1016.6/739.2/709.3/ 1.43+0.12
577.3/433.2/415.4/397 .4
S. tuberosum 8 7.9 «-Solanine C4sH73NO;5  868.7 722.6/706.7/560.6/398.7 21.38+0.52
9 82 o Chaconine CisHyNOp, 8527 834/706.4/560.5/398.4/380.5 75.53+0.39
10 129 n.i. 1085.6 1069.3/1066.3/939.4/923.5/777.3/ 0.15+0.04
615.3/598.5/592.9/576.4/511.1/
493.2/431.6/365.1/347.3
11 13.9 n.i. 1069.6 965.3/923.4/777.3/597.4/432 .4 0.36+0.10
12 158 n.i. 1047.6 723.5/577.3/415.4/397.4/309.1 0.61+0.15
13 163 n.i. 1031.7 996.3/869.5/723.4/577.4/561.4/543 .4/ 1.98+0.39

415.5/397.5/379.5

2 Fragment ions in bold correspond to the aglycones. ° Average and error based on 5 independent extracts. © Not identified

Previous studies have looked into the performance of
M. persicae and M. euphorbiae on other wild Solanum spe-
cies, with variable results with respect to plant resistance
(Flanders et al. 1997; Fréchette et al. 2010; Le Roux et al.
2007; Pelletier et al. 2010; Pompon et al. 2010), and no clear
relationship between aphid performance and GA contents in
the plant (Flanders et al. 1992). Regarding the evaluation of
specific GAs, the tetraglycoside tomatine has been shown to
moderately decrease the performance of M. euphorbiae, but
the two major GAs from S. tuberosum, o-solanine and o-
chaconine, caused no effect (Giintner et al. 1997). In another
study, o-solanine and «-chaconine were effective against
M. persicae, although the experiments were conducted with
higher dosages in relation to the dosages tested against
M. euphorbiae (Fragoyiannis et al. 1998). In our study, when
tested at the dosages that naturally occur in the plant, and even
increasing this dosage by addition of supplementary GAs
from S. tuberosum, we found no effects on the preference of
M. persicae, indicating that it is the type of GAs, and not their
amount, what caused the preference of M. persicae for
S. tuberosum.

In the case of E. argentinensis, an oligophagous chryso-
melid beetle that feeds on several solanaceous plants, both the
field experiment and the choice bioassays showed that the
beetles preferred to feed on S. tuberosum. However, they were
not deterred by S. commersonii GAs. Some tolerance to these
metabolites may be expected in a species that specializes at the

@ Springer

family level on the metabolite-rich Solanaceae. Similarly,
previous studies on E. cucumeris found no clear trend between
GAs and plant resistance to this beetle (Flanders et al. 1992;
Tingey and Sinden 1982). On the other hand, these studies
showed an effect of simple and glandular trichomes on
E. cucumeris performance (Flanders et al. 1992), which may
explain its preference for S. tuberosum in our field study,
given that S. commersonii shows higher density of both types
of trichomes (P. Altesor, unpublished).

In summary, our study provides a comparison of patterns of
herbivory and constitutive chemical defenses of two closely
related Solanum species; a cultivated one that has undergone
decades of plant breeding for optimizing productivity, and a
wild species that grows as a weed and that is therefore likely to
be under strong natural selection. We have shown that herbiv-
ory differs both qualitatively and quantitatively between these
plant species, with generalist and oligophagous insects prefer-
ring the cultivated S. fuberosum, and a specialist insect show-
ing a strong preference for the wild S. commersonii. We also
have shown that the wild plant produces more and structurally
different GAs, the typical defensive metabolites of the genus
Solanum, and established a clear relationship between these
plant chemicals and the host plant preference, either positive
or negative, of one specialist and one generalist insect. There-
fore, plant domestication has seemingly weakened the chem-
ical defensive capacity of the cultivated potato, but the better
defended wild relative may still suffer severe damage as a
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result of specialization. Finally, we have shown that the defen-
sive role of GAs cannot be assumed equally effective against
all generalist herbivores. This supports the current view regard-
ing the improbable generalization of the impact of plant de-
fenses on generalist and specialist herbivores (Ali and Agrawal
2012). Comparative system-approaches in plant-insect re-
search can provide novel insights for the design of sustainable
plant production systems, and an excellent study system to
investigate some general but unanswered questions in ecology
regarding the functioning of terrestrial communities.
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