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Abstract

Main conclusion Our results indicate caterpillars and aphids cause similar levels of induced defences and resistance
against caterpillars in wild cotton plants. These symmetrical effects are not consistent with patterns predicted by
plant defensive signaling crosstalk and call for further work addressing the biochemical mechanisms underpinning
these results.

Abstract Plant-induced responses to attack often mediate interactions between different species of insect herbivores. These
effects are predicted to be contingent on the herbivore’s feeding guild, whereby prior feeding by insects should negatively
impact subsequent feeding by insects of the same guild (induced resistance) but may positively influence insects of a differ-
ent guild (induced susceptibility) due to interfering crosstalk between plant biochemical pathways specific to each feeding
guild. We compared the effects of prior feeding by leaf-chewing caterpillars (Spodoptera frugiperda) vs. sap-sucking aphids
(Aphis gossypii) on induced defences in wild cotton (Gossypium hirsutum) and the consequences of these attacks on subse-
quently feeding caterpillars (S. frugiperda). To this end, we conducted a greenhouse experiment where cotton plants were
either left undamaged or first exposed to caterpillar or aphid feeding, and we subsequently placed caterpillars on the plants to
assess their performance. We also collected leaves to assess the induction of chemical defences in response to herbivory. We
found that prior feeding by both aphids and caterpillars resulted in reductions in consumed leaf area, caterpillar mass gain,
and caterpillar survival compared with control plants. Concomitantly, prior aphid and caterpillar herbivory caused similar
increases in phenolic compounds (flavonoids and hydroxycinnamic acids) and defensive terpenoids (hemigossypolone)
compared with control plants. Overall, these findings indicate that these insects confer a similar mode and level of induced
resistance in wild cotton plants, calling for further work addressing the biochemical mechanisms underpinning these effects.

Keywords Aphis gossypii - Phenolics - Plant-mediated interactions - Sequential herbivory - Spodoptera frugiperda -
Terpenoids

Abbreviations Introduction
JA  Jasmonic acid
SA Salicylic acid Attack by multiple herbivore species on shared host plants

has been shown to often lead to indirect interactions
between the species whereby induced plant responses to
one early-arriving attacker affect subsequent attackers
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(Rodriguez-Saona et al. 2010; Hernandez-Cumplido et al.
2016; Abdala-Roberts et al. 2019a). The induced plant
responses by which these indirect interactions take place
are orchestrated by phytohormonal signalling pathways such
as those related to jasmonic acid (JA) and salicylic acid (SA)
(Howe and Jander 2008; Erb et al. 2012). A number of stud-
ies have shown that the JA pathway is mainly associated
with responses against chewing insects and necrotrophic
pathogens, whereas the SA pathway is mainly triggered in
response to attack by phloem-feeding insect herbivores and
biotrophic pathogens (Koornneef and Pieterse 2008; Pieterse
et al. 2012), thus providing a framework for understanding
specificity in plant-induced responses and the outcomes of
plant-mediated herbivore interactions.

Empirical studies documenting the impacts of sequential
attacks by herbivores associated with different plant hormo-
nal pathways have shown that JA and SA pathways antago-
nize or interfere with each other (i.e. so-called crosstalk),
with resulting effects on the outcome of these plant-mediated
interactions (Koornneef and Pieterse 2008; Rodriguez-Saona
et al. 2010; Zhang et al. 2011). This antagonism between
plant pathways is predicted to arise, for example, when
attackers are of a different guild (i.e. chewing vs. piercing-
sucking herbivores), leading to induced susceptibility of
the plant to the subsequent attacker, whereas herbivores of
the same guild (and thus upregulating the same plant path-
way) should lead to induced resistance and thus negative
effects on the subsequent feeder (Erb et al. 2012; Thaler
et al. 2012; reviewed by Moreira et al. 2018). While evi-
dence from several plant species, mainly crops (e.g. tomato,
maize, tobacco and cabbage) has often provided support
for these predictions (Erb et al. 2012; Thaler et al. 2012), a
recent meta-analysis suggests that antagonism between these
defensive-related pathways is not necessarily the norm. In
particular, the analysis found that many initial JA-inducing
attackers have strong negative effects on both JA- and SA-
inducing subsequent attackers, whereas SA-inducing attack-
ers have more variable effects and no significant overall
effect on either JA- or SA-triggering herbivores (Moreira
et al. 2018). This suggests that JA-mediated defences have
more consistent effects on subsequent attackers, whereas
SA-mediated effects are much more variable. This highlights
the basic need for more work across a variety of plant—insect
systems to better understand plant defence upregulation and
its consequences for attacking herbivores, as well as further
mechanistic work to understand how or when complex (and
highly reticulate) hormonal pathways function and interact
(Erb et al. 2012).

Variability in predicted crosstalk effects of early her-
bivory on subsequently attacking herbivores reported thus
far could be explained by at least two features. First, most
studies have measured either plant-induced responses to ini-
tial attackers or effects on subsequent herbivores, whereas
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work that simultaneously measured both induced defences
and herbivory or herbivore performance is less common
(e.g. Poelman et al. 2008; Soler et al. 2012; Kroes et al.
2015). As a result, links between the mechanisms of plant
induction and the effects on attacker performance are often
poorly understood (Viswanathan et al. 2007; Soler et al.
2012). Second, studies mainly focused on the effects of one
type or species of initial attacker on another (in a unidirec-
tional manner). To obtain a more comprehensive and realis-
tic evaluation of the indirect interactions among herbivores
on shared host plants, studies should include multiple initial
attackers and/or subsequent attackers. Recent work is mov-
ing in this direction (and under increasing complexity; see
Mertens et al. 2021; de Bobadilla et al. 2022), but more work
with different insect guilds and across more plant—insect sys-
tems is needed.

We tested the effects of prior herbivory on wild cotton
(Gossypium hirsutum) by leaf-chewing caterpillars (Spo-
doptera frugiperda) or piercing-sucking aphids (Aphis gos-
sypii) on the performance of subsequently feeding caterpil-
lars (S. frugiperda). To further understand the physiological
changes associated with plant secondary metabolism (i.e.
induced defences) underlying plant-mediated effects, we also
evaluated the effects of caterpillar and aphid feeding on the
induction of phenolic compounds and terpenoid aldehydes,
which are known to negatively affect insect herbivory. In
particular, we asked the following: (1) Do caterpillar and
aphid feeding differentially induce plant defences? (2) Does
prior feeding by caterpillars or aphids affect the perfor-
mance of subsequently attacking caterpillars, and how do
such effects compare in direction and strength? (3) Do the
induced defence patterns match (and potentially explain)
impacts on subsequent caterpillar performance? Given that
previous work has shown that the induction of terpenoids
and phenolic compounds is associated with the JA pathway
(Bi et al. 1997; Dixit et al. 2020) and triggered by feeding by
JA-inducing insect herbivores (Rodriguez-Saona et al. 2010;
Quijano-Medina et al. 2021), we predicted that caterpillar
feeding would induce these compounds to a greater extent
than SA-inducing aphids. In turn, following the crosstalk
hypothesis, initial feeding by caterpillars should decrease the
performance of subsequently attacking caterpillars, whereas
initial feeding by aphids should have the opposite effect.
Overall, this study sheds light on plant-induced responses
underlying plant-mediated herbivore interactions.

Materials and methods
Study system

Gossypium hirsutum (Malvaceae) is a perennial shrub spe-
cies that is naturally distributed in Central America, Mexico,
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and the Caribbean Basin (D’Eeckenbrugge and Lacape
2014; Yuan et al. 2021). It is especially abundant on the
coast of the Yucatan Peninsula (Mexico), where it is found in
the coastal shrubland under conditions of high soil salinity,
low and highly seasonal rainfall, and elevated temperatures
(Abdala-Roberts et al. 2019b; Quijano-Medina et al. 2021;
Clancy et al. 2023). At these sites, wild cotton is attacked
mainly by leaf-chewing insects (e.g. caterpillars and grass-
hoppers) which cause 25% of leaf area loss on average, and
to a lesser extent by phloem feeders (e.g. bugs and aphids)
(Abdala-Roberts et al. 2019b). In particular, Spodoptera fru-
giperda (like other Spodoptera species) is a known herbivore
of cultivated cotton. While it is relatively rare in wild cotton
populations in Yucatan, a number of studies have shown that
Spodoptera spp. induce direct (e.g. terpenoids and phenolic
compounds) and indirect (volatile organic compounds and
extrafloral nectar) defences in wild and cultivated cotton
(Hegde et al. 2011; Zebelo et al. 2017; Arce et al. 2021;
Quijano-Medina et al. 2021; Mamin et al. 2023). Similarly,
Aphis gossypii can be found at some wild cotton popula-
tions (T. Quijano-Medina, pers. observation) and work with
cultivated varieties has shown that it induces cotton defences
(e.g. volatiles and terpenoid aldehydes) that may decrease
the performance of aphid conspecifics (Hegde et al. 2011;
Williams et al. 2017). Although there has been work testing
for plant-mediated effects between different herbivore spe-
cies in cultivated cotton (e.g. Rodriguez-Saona et al. 2003;
Eisenring et al. 2018), these have not been studied in wild
cotton populations. One exception is a recent study by our
group testing for the effects of early caterpillar herbivory on
subsequent attack by leaf-chewing insects and ants (Abdala-
Roberts et al. 2019a).

Plant material

In March 2019, we collected seeds from seven plants (here-
after genotypes) separated by at least 1 m and sourced from
a population located near the coastal town of Celestin,
Yucatan (Mexico) (21°00" 37.7” N-90°19' 41.9” W). In
December 2019, we germinated seeds in Petri dishes at
35 °C and individually transplanted them to 25X 30 cm
low-density polyethylene nursery bags containing a steam-
sterilized (100 °C for 1 h over 3 consecutive days; Azcén
and Barea (1997)) mix of sandy soil (collected from the
sampling site), native tropical forest substrate, and perlite
(1:1:2, by weight). After transplantation, we kept all seed-
lings in a greenhouse at the Campus de Ciencias Bioldgi-
cas y Agropecuarias (CCBA) of the University of Yucatan
(Mexico, 20°52' 00.6” N 89°37' 29.5” W) for 2.5 months
before starting the herbivory experiment and we watered
them three times a week with 300 mL tap water.

Herbivory treatments and experimental design

In early March 2020, when plants had 1012 leaves, we ran-
domly assigned plants of each genotype to one of the follow-
ing treatments: undamaged control (n =83 plants), herbivory
by the aphid A. gossypii (n="79 plants), or herbivory by the
caterpillar S. frugiperda (n=_80 plants). Cotton genotypes
were similarly represented across treatments. We collected
aphids from a site nearby the CCBA on Ruellia nudiflora
plants and placed them on cotton plants in the greenhouse
2 days before starting the experiment. In the case of S. fru-
giperda, we obtained eggs from a colony at the Chemical
Ecology Lab in ECOSUR (Chiapas, Mexico) and reared cat-
erpillars with a wheat germ-based artificial diet, and 2 days
before the experiment we fed them wild cotton leaves. For
the aphid herbivory treatment, we placed 20 adult aphids on
the apical meristem or new leaves of each plant assigned to
this treatment, allocated over a 3 day period (nine aphids the
first day, eight the second, and three the last day) to achieve
a gradual build-up in aphid density. The day after the third
day of infestation, we removed aphids. For the caterpillar
herbivory treatment, we placed two third-instar S. frugiperda
larvae on the fifth leaf (counting from top to bottom) of
each plant on the third day of aphid infestation and then
covered the leaf with a mesh bag to prevent the caterpillar
from escaping. We kept caterpillars on plants for 24 h and
then removed them the same day aphids were removed. Two
days after removing herbivores from plants, we collected the
first two or three apical leaves (undamaged in the case of
plants assigned herbivory) for chemical analyses (see next)
for close to two thirds of the plants of each treatment (n =58
plants for undamaged control, n =59 for aphid treatment,
and n =65 plants for caterpillar treatment), and conducted a
bioassay on remaining plants to test for treatment effects on
the performance of subsequent caterpillars (n=25 plants for
undamaged control, n =20 for aphid treatment, and n=15
plants for caterpillar treatment).

Leaf chemical analyses

We harvested leaves, immediately frozen them on dry ice,
and stored them at — 80 °C until processing (see next). We
conducted quantification of terpenoids at the Fundamen-
tal and Applied Research in Chemical Ecology (FARCE
Lab) and the Neuchétel Platform of Analytical Chemistry
(NPAC) at the University of Neuchatel (Switzerland), in
November 2022. Briefly, we ground frozen leaves under
liquid nitrogen, and we extracted terpenoids using 50 mg
of frozen leaf powder with 200 pL of a solution of ace-
tonitrile, Milli-Q water, and formic acid (80:18.5:1.5, by
vol.). We homogenized samples with three to five glass
beads (1.25-1.65 mm diameter) in a mixer mill for 3 min
at 30 Hz (TissueLyser II, Qiagen, Hilden, Germany) and
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ultrasonicated for 5 min. They were then centrifuged for
3 min at 8000 g. We centrifugated the recovered supernatant
a second time before transferred it to amber glass vials. We
directly analysed samples through ultra-performance liquid
chromatography with diode array detection (UPLC-DAD,
Ultimate 3000 Dionex, Thermo Fisher Scientific, Waltham,
MA, USA). The DAD detector was set at 288 +2 nm. 10 pL
was injected into an ACQUITY UPLC® BEH C18 column
(2.1x 100 mm, 1.7 pm; Waters). We held the flow rate con-
stant at 0.45 mL min~!, and kept the temperature at 40 °C.
The mobile phase solvent A consisted of 0.05% formic
acid in Milli-Q water (18 ), and the mobile phase solvent
B consisted of 0.05% formic acid in acetonitrile (HiPer-
Solv, VWR Chemicals®, Fontenay-sous-Bois, France). We
increased solvent B from 45 to 90% in 8 min, then to 100%
in 0.5 min, and held it at 100% for 2.5 min, which was fol-
lowed by re-equilibration at 45% solvent B for 3.5 min.
We identified hemigossypolone, gossypol, and heliocides
(grouped together) by their retention time. We quantified
terpenoids based on linear regression from six calibration
points (5-250 pg/mL) in gossypol equivalents. We expressed
concentrations in pg/g tissue on a fresh mass (weight) basis.

We conducted analyses of phenolic compounds at the
Misién Bioldgica de Galicia (MBG-CSIC, Salcedo, Pon-
tevedra, Spain) in August 2020. We extracted these com-
pounds from 20 mg of dry plant tissue (dried at 35°C for
24 h and macerated to powder) with 1 mL of 70% methanol
in an ultrasonic bath for 15 min, followed by centrifugation.
For phenolic compound identification, we used ultra-per-
formance liquid chromatography coupled with electrospray
ionization (ESI) quadrupole (Thermo Dionex Ultimate 3000
LC) time-of-flight mass spectrometry (UPLC-Q-TOF-MS/
MS) (Bruker Compact ). We performed chromatographic
separation in a Kinetex " 2.6 um C18 82-102 A and LC col-
umn 100X 4.6 mm column using a binary gradient solvent
mode consisting of 0.05% formic acid in water (solvent A)
and acetonitrile (solvent B). We used the following gradient:
from 10 to 30% solvent B (0-5 min), from 30 to 50% sol-
vent B (5—-10 min), from 50 to 100% solvent B (10-12 min),
hold 100% solvent B until 14 min, from 100 to 10% solvent
B (14-15 min), and hold 10% solvent B until 17 min. The
injection volume was 3 uL, we established the flow rate at
0.4 mL/min, and controlled the column temperature at 35 °C.
We operated MS analysis in a spectra acquisition range from
50 to 1200 m/z. We used negative (—) ESI modes under the
following specific conditions: gas flow 8 L min~!, nebulizer
pressure 38 psi, dry gas 7 L min~!, and dry temperature
220 °C. We set capillary and end-plate offsets to 4500 and
500 V, respectively. We performed MS/MS analysis based
on the previously determined accurate mass and RT and
fragmented using different collision energy ramps to cover a
range from 15 to 50 eV. We identified individual compounds
based on the data obtained from the standard substances
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or published literature including RT, Amax, ((M—H] —), and
major fragment ions. For phenolic compound quantification,
we injected 3 uL of each sample using the same column
and conditions mentioned in the previous paragraph, in an
UHPLC (Nexera LC-30AD; Shimadzu) equipped with a
Nexera SIL-30AC injector and one SPD-M20A UV/VIS
photodiode array detector. We recorded chromatograms at
330 nm. We identified two groups of phenolic compounds
from the samples, namely flavonoids and hydroxycinnamic
acids. We quantified flavonoids as rutin equivalents and
hydroxycinnamic acids as ferulic acid equivalents. We
achieved the quantification of these compounds by external
calibration using calibration curves at 0.25, 0.5, 1, 2, and
5 ug mL~!. We expressed concentrations were expressed in
pg/g tissue on a dry mass (weight) basis.

Caterpillar performance bioassay

We initially fed larvae used for this bioassay on artificial diet
and then fed them on wild cotton 24 h before the experiment.
We starved larvae for 12 h before the bioassay and indi-
vidually weighed them for two hours before being placed on
plants used for the bioassay. For each experimental plant, we
placed a single second-instar S. frugiperda larva for 3 days
on the third or fourth leaf using a clip cage. We recorded
survival every 24 h, measured leaf consumption at 48 h, and
weighed surviving larvae at 72 h. We estimated the amount
of leaf area consumed by placing a transparent acetate on
each leaf to shade the missing area and then overlaying it
on a sheet with a I mm? grid. We then counted the area of
squares corresponding to missing tissue and expressed the
leaf area consumed in mm?. Caterpillar mortality was very
low (< 5%) during the first 24 h and therefore did not affect
leaf consumption results. Finally, we estimated the effects
on caterpillar growth in terms of mass gain as the difference
between initial mass and that at 72 h (in mg).

Statistical analyses

We ran general linear mixed models testing for the effects
of herbivory treatment (three levels: control, caterpillars,
and aphids) on the concentration of terpenoids (hemigossy-
polone, gossypol, and heliocides in pg/g FW), phenolic
compounds (hydroxycinnamic acids and flavonoids, in
pg/g DW), caterpillar survival (binary), leaf area consumed
(mm?), and caterpillar mass gain (mg). We log-trans-
formed terpenoid and hydroxycinnamic acid concentrations
to achieve the normality of residuals, and we analysed sur-
vival with a binomial distribution (logit link). Models also
included plant genotype (treated as random) to control for
genetic variation and/or maternal effects. We report model
least-square means and standard errors (back-transformed
when applicable) as descriptive statistics. We performed all
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Table 1 Results from general or generalized linear mixed models
testing for effects of wild cotton (Gossypium hirsutum) prior her-
bivory treatment (caterpillars, aphids, or undamaged control) on leaf
concentration of terpenoids (ug/g FW, a), leaf concentration of phe-
nolic compounds (ug/g DW, b), and performance-related variables (c)
for subsequently feeding Spodoptera frugiperda caterpillars

Prior herbivory effect

Response DFym den F P

(a) Terpenoids

Hemigossypolone 2,113 9.74 <0.001
Heliocides 2,113 0.12 0.887
Gossypol 2,113 1.35 0.263
(b) Phenolic compounds

Flavonoids 2,114 14.43 <0.001
Hydroxycinnamic acids 2,114 15.69 <0.001
(c) Caterpillar performance

Area consumed 2,49 5.65 0.006
Mass gain 2,39 3.94 0.028
Survival 2,50 3.35 0.043

Degrees of freedom (numerator and denominator), F-values, and
associated significance levels (P-values) are shown

Significant P-values (P <0.05) are in bold

analyses in R (RStudidTeam 2016), using the rstatix package
(Kassambara 2023). When the herbivory treatment was sta-
tistically significant, we performed follow-up Tukey’s tests
to assess pairwise differences between treatment level means
using the emmeans package (Lenth 2020).

Results

Effects of prior herbivory on wild cotton induced
defences

We found a significant effect of prior herbivory treatment on
the concentration of leaf hemigossypolone (Table 1a). Spe-
cifically, aphid and caterpillar herbivory drove significant
increases (24% and 15%, respectively) in the concentration
of hemigossypolone relative to controls (aphid herbivory:
1457.7 + 69 pg/g; caterpillar herbivory: 1345.5 +64.4 pg/g;
control: 1169.7+55.7 pg/g; Fig. 1a). The aphid and caterpil-
lar treatments did not differ significantly (Fig. 1a), indicat-
ing that caterpillars and aphids drove a similar magnitude
of induction of this compound. In contrast, there was no
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Fig. 1 Effects of wild cotton (Gossypium hirsutum) prior herbivory
treatment, namely undamaged, caterpillar (Spodoptera frugiperda)
or aphid (Aphis gossypii) feeding on the concentration of terpenoid
aldehydes (a, b, ¢) and phenolic compounds (d, e) expressed as
pg/g FW or DW, respectively. Bars are model least-squares means

Herbivory treatment

and standard errors (n=58 plants for undamaged control, n=59 for
aphid treatment, and n=65 plants for caterpillar treatment). Different
letters above the bars indicate statistically significant differences (at
P <0.05) between treatments
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significant effect of prior herbivory on the concentration of
heliocides or gossypol (Table 1a; Fig. 1b, c).

We also found a significant effect of prior herbivory
treatment on the concentration of leaf phenolic compounds
(Table 1b). Again, aphid and caterpillar herbivory drove sig-
nificant increases (77% and 62%, respectively) in the con-
centration of flavonoids relative to controls (aphid herbivory:
3.92+0.31 pg/g; caterpillar herbivory: 3.59+0.29 pg/g;
control: 2.22 +0.18 pg/g; Fig. 1d). Likewise, aphid and
caterpillar herbivory caused significant increases (91% and
62%, respectively) in hydroxycinnamic acid concentration
relative to controls (aphid herbivory: 4.27 +0.38; caterpil-
lar herbivory: 3.63 +0.33 pg/g; control: 2.23 +0.20 pg/g;
Fig. le). The aphid and caterpillar herbivory treatments did
not differ significantly for either flavonoids or hydroxycin-
namic acids (Fig. 1d, e).

Effects of prior herbivory on subsequently feeding
caterpillars

The prior herbivory treatment had a significant effect on sev-
eral performance-related variables of subsequently feeding
S. frugiperda caterpillars (Table 1c¢). In particular, we found
that S. frugiperda consumed significantly less leaf area on
plants previously attacked by aphids and caterpillars (72%
and 77%, respectively), compared with undamaged controls
(aphid herbivory: 72.8 +43 mm?; caterpillar herbivory:
58.4+56.4; control: 257.3+39.6 mmz) (Table Ic; Fig. 2a).
Caterpillar leaf consumption did not differ significantly
between the prior aphid and caterpillar herbivory treatments
(Table 1c; Fig. 2a). In addition, the prior herbivory treatment
had a significant effect on caterpillar weight gain (Table 1c),
with the mean value being significantly (59%) lower for the

aphid treatment relative to controls (Fig. 2b). The prior
caterpillar herbivory treatment did not differ significantly
from controls but showed a similar trend in reduction (51%
lower than controls), and the herbivory treatments did not
differ themselves (aphid herbivory: 14.1 +5.84 mg; cater-
pillar herbivory: 16.9 +8.24 mg; control: 34.7 +4.68 mg)
(Fig. 2b). Finally, caterpillar survival was also significantly
affected by the prior herbivory treatment (Table 1c), with
88% (21 of 24) of caterpillars surviving on control plants,
70% (14 of 20) on plants subjected to prior aphid herbivory,
and 47% (7 of 15) on prior caterpillar herbivory. The bino-
mial model indicated that prior herbivory by caterpillars
drove a significant reduction in caterpillar survival (46%)
relative to controls (Fig. 2¢), whereas prior aphid herbivory
did not differ from controls but showed a similar trend in
reduction (albeit weaker, 20%) relative to controls (Fig. 2¢).
Herbivory treatments did not differ themselves (aphid her-
bivory: 0.7 +0.12; caterpillar herbivory: 0.47 +0.13; con-
trol: 0.88 +£0.07) (Fig. 2¢).

Discussion

Our findings indicated that prior feeding by aphids and cat-
erpillars similarly induced chemical defences in wild cot-
ton, namely of phenolic compounds and terpenoids. This
presumably in turn drove reductions in performance-related
traits of subsequently feeding S. frugiperda larvae. That
aphids were found to have similar effects on cotton defences
and induce resistance as caterpillars was somewhat surpris-
ing, especially the fact that the magnitude of the effects was
strikingly similar between the two herbivores.

(@) 350 (b) s0 (© 10, ,
a . ;
280 [ 40 08l ab
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Herbivory treatment

Fig.2 Effects of wild cotton (Gossypium hirsutum) prior herbivory
treatment, namely undamaged, caterpillar (Spodoptera frugiperda) or
aphid (Aphis gossypii) feeding the performance, estimated as foliar
area consumed in mm? (a), mass gain in mg (b), and survival as back-
transformed logit, i.e., odds ratio values (c) of subsequently feeding
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Herbivory treatment

Herbivory treatment

S. frugiperda caterpillars. Bars are model least-squares means and
standard errors (n=25 plants for undamaged control, n=20 for the
prior aphid treatment, and n=15 plants for the prior caterpillar treat-
ment). Different letters above bars indicate statistically significant dif-
ferences (at P <0.05) between treatments
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Effects of caterpillar and aphid herbivory on cotton
defence induction

We found that hemigossypolone, flavonoids, and hydrox-
ycinnamic acids were significantly induced after prior
herbivory in wild cotton, and in most cases, caterpillar
and aphid feeding produced a similar level of induction of
these compounds. The induction of phenolic compounds
has been well studied for plants attacked by chewing
insects, i.e., JA-associated (e.g. Stout et al. 1994; Nykénen
and Koricheva 2004; Zlotek et al. 2019). In the case of cot-
ton, studies have reported induced responses to chewing
and phloem-feeding insects, by and large with cultivated
varieties (but see Abdala-Roberts et al. 2019a; Quijano-
Medina et al. 2021), including work on phenolic com-
pounds and terpenoids (e.g. McAuslane et al. 1997; Opitz
et al. 2008; Zebelo et al. 2017; reviewed by Hagenbucher
et al. 2013). Whereas work measuring cotton defence
induction by chewing insects, mainly caterpillars, has
often found increases in JA-associated secondary metab-
olites (e.g. terpenoids; see Eisenring et al. 2018), stud-
ies involving phloem-feeding insects have reported more
variable findings. Some have found that they can induce
certain JA-associated phenolic compounds (Rodriguez-
Saona et al. 2010; for tomato, see Su et al. 2020), includ-
ing enzymes involved in the synthesis of jasmonates and
phenolic compounds, namely LOX and PAL, in the case of
A. gossypii (Qin et al. 2005). In addition, Eisenring et al.
(2018) found that A. gossypii reduced cotton SA levels and
did not induce terpenoids. Other phloem feeders such as
mealybugs and whiteflies have been shown to suppress JA-
dependent induced responses (Zarate et al. 2007; Zhang
et al. 2019), including work with cotton plants (Zhang
etal. 2011). A closer look at the metabolic pathways asso-
ciated with different types of phenolic compounds (relative
to terpenoids) can shed light on these findings. Terpenoid
production is strongly dependent on JA (Singh and Sharma
2014; Rosenkranz et al. 2021), whereas phenolic com-
pounds comprise different classes associated with seem-
ingly different pathways and, in some cases, their induc-
tion patterns could reflect co-dependency on more than
one pathway (Appel 1993; Mouradov and Spangenberg
2014). In our case, for example, hydroxycinnamic acid
and flavonoid metabolism is related to both the JA and SA
pathways (Mouradov and Spangenberg 2014).

Given that A. gossypii is a cotton specialist, we should
also consider the possibility that the aphids have evolved
a way to manipulate their host plant and that they might
benefit from inducing the JA defence pathway. Similar to
biotrophic pathogens, piercing-sucking insects commonly
cause the upregulation of SA defences (Morkunas et al.
2011), which can lead to callose formation and render leaves
less penetrable to insect stylets (Ellinger and Voigt 2014; Li

et al. 2018), as shown also in cotton (Tanatsiwa Mbiza et al.
2022). If the aphid indeed controls cotton defence induc-
tion, it might circumvent this response by upregulating JA
defences to suppress SA defences. For the whitefly Bemisia
tabaci, the opposite has been proposed, and it appears to
benefit from the fact that it upregulates the SA pathway at
the cost of the JA pathway (Zarate et al. 2007; Zhang et al.
2013,2019). It could be that for A. gossypii the reverse holds
true and that it will perform better on already-infested cot-
ton plants. This could be tested by conducting a complete
factorial design involving aphid early herbivory effects on
subsequently feeding aphids and caterpillars to test whether
aphid—caterpillar indirect interactions are reciprocal and
symmetrical (or not) in strength.

We note that there were no significant effects of prior her-
bivory (by either insect) on gossypol or heliocides. Previous
work on cultivated cotton has highlighted hemigossypolone
and heliocides as being more responsive than gossypol to
induction in young leaves (Opitz et al. 2008). Our sampling
time point of 2 days after herbivory may have missed the
peak accumulation of gossypol and heliocides, as these
compounds are derived from hemigossypol and hemigossy-
polone, respectively, and they accumulate some days after
induction by herbivory (McAuslane et al. 1997; Bezemer
et al. 2004; Eisenring et al. 2018). Furthermore, the lack
of significant induction of gossypol and heliocides could
also be attributed to differences in the defence responses
between wild and cultivated cotton. In this sense, previ-
ous work has found differences in the inducibility of direct
defences among cotton-cultivated varieties (Agrawal and
Karban 2000). Follow-up work involving measurements of
hormones, precursors of end products, and defence-related
gene expression levels (Huang et al. 2015; Li et al. 2016) is
needed to elucidate the molecular and biochemical mecha-
nisms behind the upregulation of different types of phenolic
compounds and terpenoids under herbivory by chewers and
phloem feeders on cotton, including wild genotypes.

Effects of prior herbivory on subsequently feeding
caterpillars

Mirroring herbivory effects on wild cotton defence induc-
tion, the performance of subsequently feeding S. frugiperda
decreased when feeding on plants subjected to prior her-
bivory by aphids or caterpillars. Both types of prior her-
bivory caused similar reductions in leaf consumption by
subsequently feeding caterpillars, whereas only prior aphid
feeding significantly reduced mass gain and only prior cat-
erpillar feeding significantly reduced the survival of subse-
quent caterpillars. Still, reductions in mass gain relative to
controls were of similar magnitude in both cases (though
more variable for prior caterpillar herbivory) and aphids
tended to also reduce survival, suggesting biologically
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meaningful effects in these cases. The fact that aphid and
caterpillar herbivory generally reduced S. frugiperda per-
formance to a similar extent is inconsistent with the cross-
talk hypothesis, according to which aphid feeding would be
expected to result in induced susceptibility to caterpillars
and therefore higher (rather than lower) caterpillar perfor-
mance due to JA-SA antagonism (Pieterse et al. 2012; Thaler
et al. 2012). Whereas previous studies with other plant spe-
cies such as tomato, cabbage, and milkweed have indeed
shown that piercing-sucking insects positively influence the
performance of subsequent chewing herbivores (e.g. Rodri-
guez-Saona et al. 2010; Soler et al. 2012; Ali and Agrawal
2014), work with others have found either no effect or nega-
tive effects of piercing-sucking on later-attacking chewing
insects (e.g. Soler et al. 2012; Kroes et al. 2016). For cot-
ton, a previous study by Eisenring et al. (2018) reported
that A. gossypii prior feeding did not affect the performance
of subsequently feeding S. littoralis. However, this study
was conducted with cultivated cotton plants and measured
responses by another caterpillar species (S. littoralis) that
is known as a well-adapted cotton pest in North Africa and
the Middle East (Salama et al. 1970; Hosny et al. 1986).
This leaves open several questions, such as whether the same
types of compounds were induced by aphid feeding, whether
they have a role in induced resistance against different Spo-
doptera species, and whether there are differences between
cultivated vs. wild genotypes. Moreover, other intervening
factors such as aphid density could result in contrasting
effects on subsequent caterpillars as shown in Arabidopsis
(Kroes et al. 2015).

Matching patterns of prior aphid and caterpillar her-
bivory effects on cotton-induced defences and performance
of subsequently feeding S. frugiperda suggest that observed
increases in phenolic compounds and the terpenoid aldehyde
hemigossypolone were responsible for induced resistance to
caterpillars. In cultivated cotton, flavonoids and other phe-
nolic compounds have been shown to reduce herbivory by
Helicoverpa zea (Bi et al. 1997), H. armigera, S. litura (Dixit
et al. 2017), and Heliothis virescens (Hedin et al. 1988). In
wild cotton, a recent study by our group also showed a nega-
tive correlation between leaf flavonoid levels and herbivory
by chewing insects in a field experiment (Abdala-Roberts
et al. 2019a). Induction of terpenoid compounds such as
gossypol and heliocides has similarly been associated with
reductions in growth and/or feeding of Spodoptera spp. (e.g.
McAuslane et al. 1997; Eisenring et al. 2018; Mamin et al.
2023). While we did not find evidence that these two com-
pound types were significantly induced by prior herbivory,
hemigossypolone, a product of the same pathway, was
induced and this is consistent with these prior findings. It is
important to acknowledge that we did not measure JA and
SA to directly address crosstalk mechanisms. Further work
assessing the biochemical underpinnings of these interaction
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outcomes (e.g. correlating metabolite concentrations with JA
and SA levels or inducing plants with JA and SA artificial
elicitors) is needed to better understand why results deviate
from predictions by the defensive crosstalk hypothesis.

Final remarks

Research on plant-mediated interactions has focused more
on the effects of early feeding by chewing insects compared
with that by early sucking-piercing insects (or pathogens)
(Moreira et al. 2018). By testing for aphid initial effects, our
findings could have potentially important implications for
cotton-mediated interactions among insect herbivores. Hav-
ing said this, our experiment used aphids sourced from a sin-
gle site and tested for the effects of a caterpillar species that
is infrequent in wild cotton populations. To further deepen
our understanding of plant-mediated interactions in this spe-
cies, work including additional insect herbivores, both native
to wild cotton and native and non-native pests on cultivated
cotton, would be highly valuable, together with comparisons
(e.g. in common garden experiments) of responses by and
plant-mediated effects with both cultivated and wild cot-
ton to shed insight into the ecology and evolution of cotton
induced defences and the effects of domestication and agri-
cultural settings on plant-mediated effects (Gols and Har-
vey 2023). Field experiments should also consider detailed
measurements of plant-induced responses involving multi-
ple types of defence compounds (end products) and their
precursors, hormone levels (see above), and leaf nutrient
content to better explain the mechanisms behind the effects
on herbivore performance. In addition, reciprocal tests of
plant-mediated effects are needed to test whether there is an
asymmetry in effects (e.g. Ali and Agrawal 2014), as well
as a function of the order of arrival and identity of early vs.
late herbivores (Poelman et al. 2008; Soler et al. 2012). Such
detailed studies are essential for a more robust understanding
of the induced responses governing the outcome of plant-
mediated interactions between herbivores.
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