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Abstract Plant-herbivore interactions are often medi-
ated by plant microorganisms, and the “defensive mutual-
ism” of epichloid fungal endophytes of grasses is an exam-
ple. These endophytes synthesize bioactive alkaloids that
generally have detrimental effects on the performance of
insect herbivores, but the underlying mechanisms are not
well understood. Our objective was to determine whether
changes in the physiology and/or behavior of aphids explain
the changes in performance of insects feeding on endophytic
plants. We studied the interaction between the aphid Rho-
palosiphum padi and the annual ryegrass Lolium multiflo-
rum symbiotic (E+) or not symbiotic (E—) with the fungus
Epichloé occultans that can synthesize loline alkaloids. We
hypothesized that aphids feeding on E+ plants have higher
energetic demands for detoxification of fungal alkaloids,
thereby negatively impacting the individual performance,
population growth, and structure. Aphids growing on E+
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plants had lower values in morphometric and functional var-
iables of individual performance, displayed lower birth rate,
smaller population size, and dramatic structural changes.
However, aphids exhibited lower values of standard meta-
bolic rate (SMR) on E+ plants, which suggests no high costs
of detoxification. Behavioral variables during the first 8 h
of feeding showed that aphids did not change the phloem
sap ingestion with the presence of fungal endophytes. We
hypothesize that aphids may maintain phloem sap inges-
tion according to their fungal alkaloid tolerance capacity. In
other words, when alkaloid concentrations overcome toler-
ance threshold, ingestion of phloem should decrease, which
may explain the observed lower values of SMR in E+ feed-
ing aphids.

Keywords Endophyte - Symbiosis - Metabolic rate -
Insect behavior - Fitness - EPG technique

Introduction

Coevolution between plants and herbivorous insects has
resulted in an ample repertoire of plant defenses (physical,
chemical, and developmental characters) and in equally
ample counter-defenses of herbivores (Schoonhoven et al.
2005; Speed et al. 2015). However, the relationship between
defenses and counter-defenses may not always be straight-
forward because it can be mediated by “hidden factors”
like the symbionts of plants (Saikkonen et al. 2013; Piet-
erse et al. 2014). The interaction of plants with microor-
ganisms results in phenotypic changes that may render the
hosts more tolerant to herbivores (Schoonhoven et al. 2005;
Pineda et al. 2010). For example, symbiotic microorganisms
of roots can increase the tolerance to herbivores by activat-
ing plant defensive mechanisms (Bennett et al. 2006; Pozo
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and Azcon-Aguilar 2007; Koricheva et al. 2009). In addition,
the leaf fungal endophytes of the genus Epichloé, symbionts
of cool-season grasses that are considered as an example
of “defensive mutualist,” are able to synthesize chemical
compounds that give protection to their host plants against
vertebrate and invertebrate herbivores (Clay 1988; Popay
and Bonos 2005; White and Torres 2009; Saikkonen et al.
2013). In spite of the clear involvement of the microorgan-
isms on plant-herbivore interaction, the defenses provided
by the symbiotic microorganisms to host plants have been
rarely incorporated into models of herbivore ecophysiology.

Nitrogen has been recognized as a key element for her-
bivorous insects because its concentration in plants (2-4%)
is proportionally lower than in insects (8—14%), and con-
sequently, it has been frequently used as a measurement
of plant quality (Karban and Agrawal 2002; Schoonhoven
et al. 2005). Nonetheless, the characterization of plant qual-
ity by means of total N may not be always valid because
certain nitrogenous compounds are toxic allelochemicals
such as alkaloids, glucosinolates, or cyanogenic glucosides
(Schoonhoven et al. 2005; Walters 2011). This is particularly
important in plant-microorganism symbiotic relationships
where the production of N-based toxic compounds by the
symbionts can dramatically change the quality of host plants
(Clay 1988; White and Torres 2009; Saikkonen et al. 2013).
Alkaloids are synthesized either from the amino acids orni-
thine, lysine, phenylalanine, tyrosine, tryptophan, and histi-
dine, or from purines and pyrimidines (Karban and Agrawal
2002; Walters 2011). In addition to the plants own produc-
tion of allelochemicals, symbiotic microorganisms can also
be a source of secondary bioactive compounds. Epichloé
fungal endophytes of grasses contain genes for the synthesis
of bioactive alkaloids (Saikkonen et al. 2013; Schardl et al.
2013b; Young et al. 2015). Four types have been described,
ergot alkaloids (i.e., ergopeptine and ergovaline), indole-
diterpenes (i.e., lolitrem B and terpendoles), pyrrolizidines
(i.e., lolines), and peramine (Schardl et al. 2012, 2013b;
Panaccione et al. 2014; Young et al. 2015). The effective-
ness of alkaloids depends upon the identity of the herbivore.
For instance, ergot alkaloids and indole-diterpenes are effec-
tive to a broad spectrum of vertebrates and invertebrates,
while pyrrolizidines and peramines are effective on insects
(Wilkinson et al. 2000; Johnson et al. 2013; Gundel et al.
2013; Schardl et al. 2013b). Although the anti-herbivory
mechanisms of grasses may be more related to avoidance
and tolerance (Karban and Baldwin 1997), Epichloé¢ species
endow host plants with a powerful and diverse mechanism of
resistance (Clay 1988; Simons et al. 2008; White and Torres
2009; Saikkonen et al. 2013).

Herbivorous insects are continuously sensing the quality
of food as a way to balance their daily nutritional and ener-
getic requirements. In this regard, plant toxins are challeng-
ing because insects have to minimize their toxic effects, and
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at the same time, maximize the intake of nutrients (Karban
and Baldwin 1997; Schoonhoven et al. 2005; Ibanez et al.
2012). In order to cope with toxins, insects have evolved
strategies at biochemical, physiological, and behavioral
levels; for instance, insects can metabolize allelochemi-
cals into non-toxic compounds, and/or they can decrease
the level of ingestion of food (Phillips 1984; Simpson and
Abisgold 1985; Rollo and Hawryluk 1988; Rueda et al.
1991; Schoonhoven et al. 2005; Després et al. 2007; strate-
gies are comprehensively reviewed in Herrera and Pellmyr
2002). However, if the level of toxins is high, these strate-
gies could ultimately affect the fitness of insects. According
to the “metabolic load hypothesis,” when the biochemical
detoxification achieves a high energetic cost with respect to
other physiological processes, the allocation of energy to
processes such as growing and reproduction may be com-
promised (Cresswell et al. 1992; Karban and Agrawal 2002).
On the other hand, when the reduction of food ingestion
(e.g., due to mechanical failures during the feeding, and/
or reduced feeding time) achieves a level where the daily
energetic requirements are not met, growth and reproduction
will be compromised (Neal 1987; Appel and Martin 1992;
van Loon 1993; Behmer et al. 1999). In the particular case
of the plant—endophyte interaction, although several studies
have shown the negative effects of fungal alkaloids on fitness
of generalist aphids (Johnson et al. 1985; Eichenseer et al.
1991; Wilkinson et al. 2000; Bultman et al. 2004; Meister
et al. 2006; Simons et al. 2008; Gundel et al. 2012; Ueno
et al. 2015), the underlying mechanisms, either physiological
or behavioral, are still unclear.

Our objective was to determine whether changes in the
aphids’ physiology and/or behavior explain the reduced
fitness observed when feed on grasses hosting endophytic
Epichloé species. We utilized the generalist sap-sucking
herbivore Rhopalosiphum padi and the annual (Italian)
ryegrass Lolium multiflorum in symbiosis with the endo-
phyte Epichloé¢ occultans, a loline-producing fungus (Suga-
wara et al. 2006; Moore et al. 2015). It has been previously
shown the negative effects of loline alkaloids (Wilkinson
et al. 2000) and in particular, of the fungal endophyte E.
occultans (Omacini et al. 2001; Miranda et al. 2011; Gun-
del et al. 2012; Ueno et al. 2015) on the performance of
R. padi aphids. Experiments were conducted to understand
the specific parameters of aphid performance that could be
influenced by the endophyte at the individual and population
levels. We hypothesize that aphids feeding on endophyte-
symbiotic plants will have higher metabolic rates as result of
the detoxification of fungal alkaloids, impacting negatively
on insect individual performance (weight—length, fecundity,
and life span), birth rate, population growth, and structure.
In addition, to compensate the toxic effects of alkaloids, we
expected changes in aphid penetration and feeding behav-
ior, enhancing the stylet penetration on plant tissues and
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increasing the ingestion of phloem. In this study, we report
for first time the endophyte effects on the metabolic rate (a
measure of the physiological state and of energetic budget)
and on the aphid behavior of stylet penetration on plant
tissues. Our study contributes to our understanding of the
underlying mechanisms involved in reduced aphid fitness
as a consequence of feeding on grasses in symbiosis with
loline-producing fungal endophytes.

Materials and methods
Plant and aphid material

Plants: Endophyte-symbiotic and non-symbiotic plants
were generated from one common population frequently
harvested from a successional pampean grassland (Argen-
tina) (36°00'S, 61°5'W). Prior to sowing, 1 g of seeds (=500
seeds) was treated with a systemic fungicide (Triadimenol
150 g/kg; Baytan®T) to kill the endophytic symbiont. Fun-
gicide-treated and -untreated seeds were sown in contiguous
plots (1 m?) in order to multiply seeds. Plants were allowed
to exchange pollen during flowering to avoid segregation
between populations. At physiological maturity, seeds from
both plots were separately harvested. The frequency of endo-
phyte-symbiotic seeds in each lot was examined by micros-
copy after staining the seeds with Rose Bengal (Bacon and
White 1994). After evaluating the success of the fungicide
treatment (99%), we refer to the seed or plants as endo-
phyte-symbiotic (E+) and non-symbiotic (E—). Addition-
ally, the symbiotic status of all the experimental plants was
confirmed by looking for stained endophyte hyphae in the
sheath base of the outer leaf under light microscope (Bacon
and White 1994). We did not observe any fungicidal effect
on the experimental plants. A total of 126 plants (65E+ and
61E—) were used for all our experiments.

Parameters related with the biomass quality of E+ and
E— plants are presented in Table 1. Since nitrogen (N)
tissue content is usually an important parameter determin-
ing the plant quality for herbivores (Karban and Agrawal
2002; Schoonhoven et al. 2005), we evaluated the contents
of N and additionally, the water and carbon (C) contents

Table 1 Parameters of biomass quality of symbiotic (E+; n = 3) and
non-symbiotic (E—; n = 3) Lolium multiflorum plants with the fungus
Epichloé occultans

Variable E+ E-

Water content (%) 79.51 (2.59) 80.58 (3.94)
N (%) 3.48 (0.53) 3.78 (0.89)
C:N (%) 12.86 (1.77) 13.11 (4.11)

Values are mean + SE

on three E+ and three E— L. multiflorum plants (10 weeks,
at tillering stage) from our experimental plants. Due to
a previous study did not detect significant differences in
terms of N content using the same model system (same
origin population of Lolium multiflorum and its Epichloé
occultans fungal endophyte) (Omacini et al. 2009), we
only harvested tissues from three plants for each biotype.
For the water content, the aboveground plant tissues were
harvested and weighed and then dried in an oven (60 °C)
for 48 h, and weighed again. Water content represents the
percentage of water on fresh basis (dry matter + water).
For N and C determinations, a leaf sample was taken from
each individual plant. N and C represent the percentage
of these elements on the same plant determined by an ele-
mental analyzer (LECO model TruSpec CHNS, Wicklow,
Ireland).

Aphids: Individuals of the bird cherry-oat aphid R. padi
(L.) were collected from the experimental field of the Insti-
tute IFEVA—CONICET, Facultad de Agronomia, Universi-
dad de Buenos Aires (34°3528.37"S, 58°28'47.54"W). The
aphid colony was established from a founder population of
200 apterous adult aphids reared under controlled condi-
tions [22 °C (x1), photoperiod L12:D12 h, and radiation
150 pmol m~2 s7'] on wheat (cultivar Cronox; Don Mario), a
plant species that is infected naturally by R. padi. Individual
aphids from that colony were used in all our experiments.

Symbiont: Total DNA extracted from seed (94 individual
seeds) from the original population was used to characterize
the endophyte using PCR with primers specific to the known
alkaloid biosynthesis genes from Epichloé species according
to the methodology in (Takach and Young 2014; Charlton
et al. 2014). The presence of the alkaloid biosynthesis genes
required for ergot alkaloids, indole-diterpenes, lolines, and
peramine is indicative of the potential for any given Epichlo¢
species to produce these alkaloids (Schardl et al. 2013c).
In the annual ryegrass samples, we detected genes required
for indole-diterpenes, lolines, and peramine. The molecu-
lar analysis of the endophyte-infected seeds confirmed the
presence of an endophyte, consistent with Epichloé occul-
tans, the common loline-producing endophyte of annual
ryegrasses (Moon et al. 2000; Schardl et al. 2013a). Similar
to a recent survey of alkaloids in annual ryegrasses from
Australia (Moore et al. 2015), all our endophyte-infected
seeds contained identical alkaloid gene marker profile and
were predicted to produce peramine, indole-diterpenes
such as terpendoles, and lolines, such as N-formylloline.
Although E. occultans has the perA gene encoding the
enzyme required for the biosynthesis of peramine, an alka-
loid known to deter insects (see e.g., Fuchs et al. 2013), the
metabolite has remained undetected in different analyses
made on our ryegrass plants (unpublished data) and may
reflect that the gene although present, is non-functional
(Berry et al. 2015).
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Experiments

Endophyte effect on aphid population dynamics
and structure

The first experiment was carried out to evaluate the effect
of E+ plants on the population dynamics and structure of
the aphid R. padi. The population size was evaluated by
counting the number of aphids in each plant every 3 days
until population growth stopped (day 25, see Fig. 1). The
structure of the population was characterized by classify-
ing the aphids in three morphs (nymphs, apterous adults,
and winged adults) (Patch 1917), and the number of each
morph was measured. The structure of populations reflects
its growth potential. Populations composed of a higher
proportion of no-winged than winged aphids grow more
rapid due to that the former individuals have faster growth
and bigger offspring (Miiller et al. 2001). Sixteen indi-
vidual plants of L. multiflorum symbiotic (8 E+) with
the endophyte and endophyte free (8 E—) were grown in
0.5-L pots (soil, sand, and peat). Initially, three seeds were
sown, but only one seedling per pot was kept (the other
two were removed) after confirming the symbiotic status
of seedlings (either E+ or E—) (see above). Plants were
kept outdoors, periodically watered, and grown without
fertilization. When plants had about 4-5 tillers, each one
was infested with 10 adult aphids (no-winged) from our
colony. Even though colonization of new host plant in
nature is usually carried out by one emigrant (winged or
apterous) adult aphid (Oliver et al. 2007), 10 individuals
were enough to secure the establishment of all the experi-
mental colonies. In order to prevent aphids from escaping,

each plant was enclosed with a white voile bag supported
with a plastic tubular net.

Endophyte effect on individual aphid performance
and development

Two newly molted adults and no-winged aphids were trans-
ferred from our colony to 25 E+ and 25 E— plants (two
aphids per plant). Plants were tillering (6 weeks) and were
grown as set up in experiment 1. Each individual aphid was
placed on the oldest leaf (from one tiller) confined in a trans-
parent clip cage (4 X 2.5 cm base, 2 cm height) held with a
rubber band. In turn, each cage was attached to a wooden
stake anchored to the potting soil. Thus, each plant con-
tained two clip cages with one aphid per cage, and cages
were places on two different tillers. The experiment started
with the first nymph produced by each mother aphid con-
fined in the clip cage. To avoid the potential maternal effect
carried out by mother aphids grown on other plant species
(wheat), mothers were immediately removed. The experi-
ment was carried out outdoors, but plants were covered
with a plastic ceiling to protect them from rain. Plants were
watered as necessary. Observations were performed daily
until the death of the adult aphid, counting and removing
offspring and molts (if were observed). For each individual,
we recorded: (1) the time from first nymphal instar until
mature adult (nymph life span, development), (2) the time
as adult aphid until death (adult life span, development), (3)
the number of born aphids (fecundity), (4) the daily birth
rate estimated as the average number of nymphs produced
per day during the reproductive period, (5) length, and (6)
weight (adults were individually weighted, and nymphs were
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Fig. 1 Population dynamics of the aphid Rhopalosiphum padi feed-
ing on symbiotic (8 E+) and non-symbiotic (8 E—) Lolium multiflo-
rum plants with the fungus Epichloé occultans. Number of aphids
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weighted in groups of 10 individuals). Aphid weight has
been positively correlated with aphid fitness (Traicevski and
Ward 1994; Su et al. 2006).

Endophyte effect on aphid feeding behavior

Electrical Penetration Graph (EPG). The EPG technique
(McLean and Kinsey 1964; Tjallingii 1978, 1985, 1988)
was used to monitor the probing and feeding behavior of
apterous adult R. padi aphids on L. multiflorum plants (E+
and E—). This tool was used to study the plant penetration
by the aphid’s stylets. The plant and the insect were made
part of an electrical circuit, by inserting a wire into the soil
of a potted plant and attaching a gold wire to the aphid dor-
sum. When the aphid started probing (inserting the stylets
in the plant), the circuit was closed and electrical signals
were received on a recording system. EPG signals (referred
to as “waveforms”) are the result of voltage fluctuations
due to aphids’ activities and are correlated with tissue
locations of the stylet tips (Kimmins and Tjallingii 1985;
Tjallingii 1985, 1988; Tjallingii and Esch 1993). Measure-
ments were performed with a Giga-8 device (Wageningen
University, Wageningen, the Netherlands), during the first
8 h of contact between aphids and grasses. Before being
used in the experiment, aphids were reared on wheat plants
in order to avoid a behavioral bias toward E+ or E— plants;
hence, aphids could not acclimatize in advanced to any
of the test plants. Four plants, two E— and two E+, were
placed in a Faraday cage; probing and feeding behavior of
two aphids on each plant was recorded simultaneously dur-
ing 8 h. From 8 rounds of recordings, 18 and 22 success-
ful replicates were obtained for E— and E+, respectively.
New plants and aphids were used on each round. Aphids
were placed on the abaxial side of the first fully expanded
leaf. Before the plant exposure, each aphid was attached
with the gold wire electrode (diameter 20 um, 2- to 3-cm-
long) using a water-based silver glue and immobilized by a
vacuum-suction device. The other end of the gold wire was
attached to a 3-cm-long copper wire (diameter 0.2 mm),
which was connected to the input of the head stage ampli-
fier with a 1 giga-ohm input resistance and 50x gain. The
plant electrode, a 2-mm-thick, 10-cm-long copper rod, was
inserted into the soil of the potted plant and connected to
the plant voltage output of the EPG device. The experiment
was maintained under laboratory conditions (20 + 2 °C
and constant light). Data acquisition was performed with
Stylet+_2013 software, and the waveform analyses were
done by Stylet v01.23 software (EPG Systems, http://www.
epgsystems.eu/downloads.php).

EPG waveforms and variables. The EPG signals were
analyzed by distinguishing six waveforms related to aphid
activities: (1) C reflects the first electrical stylet contact with
the epidermis, intercellular sheath salivation in epidermis

and mesophyll, and stylet movements and salivary sheath
formation in all plant tissues; (2) pd is the potential drop
that reflects brief intracellular stylet punctures and is also
included as part of event C; (3) F reflects stylet penetra-
tion difficulties; (4) G reflects active sap ingestion from
xylem elements. Within the phloem phase, two waveforms
occur; (5) E1 is the sieve element salivation; (6) E2 is the
phloem sap ingestion with concurrent salivation. When
phloem sap ingestion E2 occurs, it is always preceded by
phloem salivation E1, but E1 waveform may occur as single
waveform, without a subsequent E2. Also, E1 events may
occur intermittently alternating with E2 events. An event
was considered as an uninterrupted period of a waveform.
Fig. SI—Online Resource 1 [(in Electronic Supplementary
Material (ESM)] shows an overview of the EPG monitoring
and waveforms of R. padi feeding on E+ and E— plants.

For the analysis, a total of 24 variables were calculated
and characterized into four broad categories (Table 3): (1),
mean number of times that an activity (or a particular wave-
form) occurred per insect (see Table 3, variables 1, 3, 5,
7,10, 13, 17, and 20), (2) mean duration of an activity per
insect (see Table 3, variables 2, 4, 6, 8, 11, 14, 16, 18, and
21), (3) mean time to the first occurrence per insect of an
activity from the start of the experiment or the probe (see
Table 3, variables 22 and 23), and (4) number or percent-
age of aphids that showed a particular activity per treatment
(see Table 3, variables 9, 12, 15, 19, and 24) with special
interest in the percentage of aphids performing sustained
phloem ingestion (sE2: uninterrupted period of E2 longer
than 10 min).

Endophyte effect on aphid standard metabolic rate (SMR)

SMR was used as an integrative measurement of the ener-
getic expenditure (Nespolo et al. 2008). SMR was meas-
ured as the production of CO, (VCO,) of each aphid group
(see below) within an open-flow respirometry system (LI-
6400; Li-Cor, Lincoln, USA). Five individuals of adult
and no-winged R. padi were transferred to 10 E+ and 10
E— plants of L. multiflorum. Plants were 16 weeks old
(tillering-reproductive stage) and were grown as set up in
experiment 1. Immediately, each plant was covered with
a plastic ceiling, and plants were carried to experimental
chamber [21 °C (x1), photoperiod L16:D8 h, and radiation
150 pmol m~2 s7!] for 15 days. At day 15, 3040 adult aphids
of similar body size (no-winged) were carefully removed
from each plant with a manual vacuum and placed in Eppen-
dorf tubes. We considered each group of aphids (from one
individual plant) as a replicate. Each replicate was weighted
in an analytical balance (+0.0001 g Mettler Toledo) and
kept without food for 1 h before the metabolic measurements
(to avoid measuring energy consumption related to diges-
tion). Each aphid group was placed in metabolic chambers
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(10 mL) for 10 min at 25 °C (x0.5). Metabolic chambers
received CO,-scrubbed air (with a Drierite column) with
a mass flow controller (Sierra Instruments, Monterey, CA,
USA) at a rate of 70 mL min~!, which ensured adequate
air mixing. This system measured the instantaneous VCO,
every second. SMR was estimated as the continuous range
of the most stable 2-min samples recorded, and this value
was divided by the number of aphids in the tube giving uL
of VCO, produced per individual per hour. Aphids were dis-
carded after the SMR measurements.

Statistical analyses

Endophyte effect on aphid population dynamics and struc-
ture  The aphid population size was measured as the num-
ber of aphids per individual plant. As was above-mentioned,
counting of aphids was done each 3 days until day 25. We
analyzed the population size of aphids (number of aphids X
plant™") during the counting times using generalized linear
mixed effects models with the package Ime4 in R software,
assuming Poisson distribution of the response variable. The
fixed part of the model included the symbiotic status (E+,
E— plants) as categorical factor and the experimental time,
and the random part the timelpot factor. Data overdisper-
sion was not detected. The structure of the aphid popula-
tion was measured as the number of nymphs and adults
(apterous + winged). We reduced the structure to two aphid
categories (number of nymphs and adult) lumping apter-
ous and winged aphids. The structure of aphid populations
was analyzed with generalized linear model using binomial
distribution (nymph and adults aphid categories) and logit
link function with the stats package in R software (Crawley
2007; Zuur et al. 2009). The model included the symbiotic
status (E+, E— plants) as categorical/fixed factor.

Endophyte effect on individual aphid performance
and development In this section, we characterized the
morphology and development of aphids during two stages
of their lifetime, nymph, and adult. On each stage, the
aphid morphology was described with the variables length
and weight, and the aphid development was with the vari-
ables life span, fecundity, and birth rate (as nymphs are not
reproductive, fecundity and birth rate were not recorded).
All these variables were analyzed separately with linear
mixed effects models using the package nlme in R software
and normal distribution (Pinheiro et al. 2009). The fixed
part of the models of each response variable included the
symbiotic status (E+ and E— plants) as categorical factor,
and the random part the clip cagelpot factor. The number of
models were 8 (3 for nymphs +5 for adult aphids). Only in
the case of nymph’s length and weight variables, the model
included additionally the covariates’ length and weight of
mother aphids, respectively. Problems of variance hetero-
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geneity were detected on the endophyte factor, which were
ameliorated using varldent variance structure (Pinheiro
et al. 2009). After that, ANOVA assumptions were met. The
results were analyzed with ANOVA.

Endophyte effect on aphid feeding behavior A total of 24
variables were obtained and individually analyzed (Table 3).
From these, 19 were calculated for insects on each plant
treatment using the BAZ Excel workbook for calculation
of aphid EPG variables (Edgar Schliephake, http://www.
epgsystems.eu/downloads.php), and the other 5 variables
were calculated manually (Table 3; variables 9, 12, 15, 19,
and 24). Out of the 96 variables that the workbook calcu-
lates, we selected those usually listed as the most descrip-
tive for aphid probing and feeding behavior in plant—aphids
interactions evaluated with EPG (Chen et al. 1997; Klingler
et al. 1998; Sarria et al. 2009; Cui et al. 2012; Alvarez et al.
2013; Machado-Assefh et al. 2015). The most part of the
EPG variables were not strongly correlated (r < 0.65) [see
Table S1—Online Resource 2 in Electronic Supplementary
Material (ESM)]. The Mann—Whitney U rank sum tests
were used to test for differences between aphids feeding on
E— and E+ plants, because EPG variables did not follow a
normal distribution (Table 3, variables 1-8, 10-11, 13-22).
The Fisher’s exact test was used to evaluate the difference
in proportions of individuals performing a certain type of
activity on E— and E+ plants (Table 3, variables 9, 12, 15,
23, and 24).

The levels of significance were adjusted for multiple test-
ing using the false discovery rate (FDR) correction method
at a = 0.05 (Benjamini and Hochberg 1995). A complete
description of the FDR procedure is shown in (Benjamini
et al. 2001). All statistical analyses for this experiment were
performed using InfoStat Professional v2011p software (Di
Rienzo et al. 2011).

Endophyte effect on aphid standard metabolic rate
(SMR) The energetic expenditure of aphids feeding on
endophytic plants was measured as the SMR by means
of the aphids’ production of CO, (VCO,) (Nespolo et al.
2008). The relationship between SMR and endophyte sta-
tus (as categorical factor, E+ and E—) was examined using
ANCOVA, including the weight (body mass) of aphids as
continuous covariate. Model was run using the function
gls (from package nmle), assuming a normal distribution
(Pinheiro et al. 2009). To linearize the relationship between
aphid SMR and body mass, data were rescaled to nLCO, h~!
and pg, respectively, and then Log10-transformed (to avoid
negative values). Problems with normality were detected,
which were fixed using VarPower variance structure on the
covariate weight of aphids. After that, all the ANCOVA
assumptions were achieved. Lineal regressions parameters
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were expressed in Log10-scale. Data were back-transformed
to build the respective figure.

Results

Endophyte effect on aphid population dynamics
and structure

The endophyte effect on the dynamics of aphid population
size depended on the interaction with experimental time
(Endophyte x Time: F, 1,5 = 8.90, P = 0.002; Endophyte:
Fy170=8.95, P =0.002; Time: F, j,, = 1424.37, P <0.001).
Starting with 10 aphids per plant, the population of aphids
grew more rapidly and reached the population peak earlier
on E— plants than on endophyte E+ plants (Fig. 1, left).
When populations reached the highest population size (d
21), the average population of aphids on E+ plants was 64%
smaller than the populations of aphids on E— plants.

The proportion of nymphs over the total population
(nymphs + apterous and winged adults) was significantly
affected on E+ plants (F| 3o = 1.30, P = 0.020). The nymph
instar represented 81% of the aphid population feeding on
E— plants, while only 14% of the population on E+ plants
(Fig. 1, right). On the contrary, winged adults represented
only 8% of the aphid population feeding on E— plants, while
the 39% of the population on E+ plants (F 1, = 312.94,
P <0.001) (Fig. 1, right).

Endophyte effect on aphid individual performance
and development

Instar nymphs and adults were smaller (11 and 20% lower,
respectively) when fed on E+ plants than on E— plants
(Table 2). The same pattern was observed on body mass (14
and 25% lower for nymph and adult, respectively) (Table 2).
While nymph length was not correlated with adult length,
nymph weight was correlated with adult weight (Table 2).
Endophyte affected the life span of only the adult aphids,
which was shortened by 7 days (Table 2). During the whole
period, the fecundity (total number of nymphs produced
by an adult) was reduced by 50% in aphids feeding on
E+ plants, while the daily fecundity (birth rate) was only
reduced a 26% (Table 2).

Endophyte effect on aphid feeding behavior (EPG)

During the first 8 h of feeding, endophyte did not affect the
aphids’ probing, pathway, cell puncture, phloem ingestion,
and xylem ingestion (Table 3). Aphids feeding on E+ plants
showed less penetration difficulties activities than aphids
feeding on E— plants, and the percentage of aphids that had
penetration difficulties was lower on E+ than on E— plants;

Table 2 Response variables length, weight, life span, fecundity, and
birth rate of each instar (nymph and apterous adult) of the aphid Rho-
palosiphum padi feeding on symbiotic (25 E+) and non-symbiotic
(25 E-) Lolium multiflorum plants with the fungus Epichloé occul-
tans

Variables E- E+ af F P value
Morphological

Length (mm)

Nymph 0.89 (0.01) 0.79(0.01) 1.48 163.99 <0.001

Adult 2.38(0.01) 1.91(0.01) 1.49 786.45 <0.001
Weight (mg)

Nymph 1.28 (0.00) 1.09 (0.01) 1.48 242.41 <0.001

Adult 0.32 (0.00) 0.24(0.01) 1.49 146.00 <0.001
Developmental

Life span (d)

Nymph 7.18 (0.01) 7.19(0.01) 1.48 0.80  0.380

Adult 22.99 (0.06) 15.54(0.25) 1.48 832.58 <0.001
Fecundity (#)

Nymph - -

Adult 50.96 (0.54) 25.17 (0.66) 1.48 829.87 <0.001
Birth rate (#.

day™)

Nymph - -

Adult 222(0.02) 1.64(0.05) 148 92.84 <0.001

Statistically significant comparisons (E+4 vs. E—) are highlighted in
bold. For the analysis of length and weight of nymph, the variables’
length (F) 43 = 1.15, P = 0.29) and weight (F, 44 = 5.26, P = 0.03)
of the mothers were used as covariate (CoV), respectively. Values are
mean + SE

however, these differences were not significant after that
FDR correction was applied (Table 3, variables 8 and 9).

Endophyte effect on the metabolic rate of aphids

There was a positive relationship between SMR and the
body mass of aphids (F| ;4 = 30.66, P < 0.001) depend-
ing on whether they were feeding on E+ and on E— plants
(Fig. 2). Regression lines for E4+ and E— differed at the
intercepts (intercepts, E+ = 0.69 + 0.46, E— = 0.77 + 0.03,
Fi16 =30.17, P < 0.001) but not with the slopes (mean
slope = 0.82 + 0.17, F| ;5 = 0.35, P = 0.560). In general,
aphids feeding on E+ plants presented 11% lower SMR than
aphids feeding on E— plants (Fig. 2).

Discussion

Our results suggest that endophytes have a profound impact
on physiology of aphids which scales up from the individual
to population levels. We observed that aphids growing on
E+ plants had lower SMR and body size, which correlated
with lower vital rates and population growth. Consequently,
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Table 3 Feeding behavior of 8-h EPG monitoring of the aphid Rhopalosiphum padi on symbiotic (E+) (n = 22) and non-symbiotic (E—)
(n = 18) Lolium multiflorum plants with the fungal endophyte Epichloé¢ occultans

Activity related (waveform)  EPG variable Unit E- E+ Ugyy P
Probing (all waveforms) 1. Number of probing events N 5.61 (1.18) 5.18 (1.47) 391.50 0.536
2. Total time on probing Min  450.80 (5.89) 456.86 (4.57) 341.50 0.455
Pathway (C) 3. Number of pathway events N 8.89 (1.61) 8.50 (2.27) 41250 0.236
4. Total time on pathway Min 78.29 (12.77)  61.25(10.39) 411.50 0.248
Cell puncture (pd) 5. Number of pd events N 47.67 (8.52) 41.50 (9.12) 404.50 0.334
6. Total time on pd Min 3.34(0.57) 2.66 (0.46) 406.50 0.308
Derailed stylet mechanics (F) 7. Number of derailed stylet mechanics events N 0.83 (0.23) 0.45 (0.25) 427.00 0.057
8. Total time on derailed stylet mechanics Min 20.21 (6.87) 5.49 (3.22) 436.00 0.029*
9. Aphids showing derailed stylet mechanics # (%) 9 (50) 4(18) - 0.046%*
Xylem phase (G) 10. Number of xylem phase events N 0.11 (0.08) 0.18 (0.08) 355.00 0.538
11. Total time on xylem phase Min 3.13 (2.20) 497 (3.22) 355.00 0.540
12. Aphids showing xylem phase # (%) 2(11) 4 (18) - 0.673%
Phloem phase (E1 and E2) 13. Number of phloem salivation events (E1) N 3.39 (0.69) 3.82(0.79) 373.50 0.899
14. Total time on salivation (E1) Min 4.08 (2.26) 3.94(1.88) 365.50 0.924
15. Aphids showing phloem salivation (E1) # (%) 18 (100) 22 (100) - 1.000*
16. Total time on phloem phase (E1 + E2) Min  346.56 (18.73) 383.20 (14.52) 316.50 0.153
17. Number of phloem ingestion events (E2) N 2.94 (0.56) 3.32(0.68) 371.00 0.955
18. Total time on phloem ingestion (E2) Min  345.09 (18.75) 381.21 (14.66) 308.50 0.100
19. Aphids showing phloem ingestion # (%) 18 (100) 22 (100) - 1.000*
20. Number of sustained phloem ingestion events N 1.94 (0.26) 2.14(0.30) 359.50 0.783
(sE2, E2 event >10 min)
21. Total time of sustained phloem ingestion (sE2) min 341.30 (19.26) 378.21 (15.37) 305.50 0.084
22. Time to 1st phloem salivation (E1) min 71.28 (15.62) 45.84(6.99) 397.50 0.438
23. Time to Ist sustained phloem ingestion (sE2)  min 80.58 (17.54) 46.37(7.02) 402.50 0.362
24. Aphids showing sustained phloem ingestion # (%) 18 (100) 22 (100) - 1.000*

EPG waveforms; C, stylet penetration pathway movements; pd, potential drops due to brief intracellular stylet punctures; F, stylet penetration
difficulties; G, active sap ingestion from xylem elements; E1, sieve element salivation; E2, phloem sap ingestion with concurrent salivation. “U”

column indicates the Mann—Whitney U values (with df = 1)

*Variables analyzed with Fisher’s exact test (with df = 1). *P values <0.050 that are not significant after controlling for multiple testing (FDR,
see text for details). Values are mean + SE. N, and Min indicates number and minutes, respectively

aphids had a dramatic change in the population structure;
population of aphids on E+ plants had a lower proportion
of nymphs and a higher number of winged adults. When
considering variables related with aphid feeding behavior,
none of them resulted affected by the presence of fungal
endophytes.

Based on the metabolic load hypothesis, insects feeding
on plants with toxic secondary compounds would have an
extra-cost of energy spent in detoxification, which would
ultimately reduce the energy allocated to growth and repro-
duction (Cody 1966; Cresswell et al. 1992; Karban and
Agrawal 2002; Castafieda et al. 2009). We expected that
aphids growing on E+ plants would incur high energetic
costs associated to the detoxification of fungal alkaloids, and
as a result, they would show impaired growth and reproduc-
tion. Indeed, we found that aphids feeding on E+ plants had
severely affected morphometric (lower length and weight)
and functional (shorter adult life span and lower fecundity)

@ Springer

variables of individual performance. In addition, the poor
individual performance had consequences at the population
level, which was appreciated on the birth rate (lower on E+
plants), on population structure (fewer nymphs and many
winged adults), and on population size (smaller popula-
tions). Our results are in line with previous studies using the
same grass—endophyte—herbivore combination (see Omacini
et al. 2001; Miranda et al. 2011; Gundel et al. 2012; Ueno
et al. 2015). However, the metabolic measurements were in
the opposite direction to our expectations. Aphids showed
lower values of SMR on E+ than on E— plants suggesting no
additional energetic costs for alkaloid detoxification. Similar
contradictory results have been found in other grass—her-
bivore systems (Neal 1987; Appel and Martin 1992; van
Loon 1993). These studies suggest that lower metabolic rates
could be explained by changes in feeding behavior (e.g.,
decreasing food intake) and/or changes in feeding efficiency
(e.g., decreasing assimilation efficiency).
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Fig. 2 Relationship between SMR (VCO,) and body mass of
individual aphids (Rhopalosiphum padi) feeding on symbi-
otic (E+; n = 10) and non-symbiotic (E—; n = 10) Lolium mul-
tiflorum plants with the fungus Epichloé¢ occultans. Data were
back-transformed to build the figure (see “Materials and meth-
ods” section). Regression lines from transformed data were E+:
log;o VCO, (nL h™") = 0.69 + 0.82 x log,, body mass (ig); and E—:
logy, VC02§nL h"lg =0.77 + 0.82 x log;, body mass (ug)

We evaluated the aphids feeding behavior during the first
8 h of contact with E+ or E— plants. Given that time of food
transit through the digestive system of aphids is around of 1 h
(Schoonhoven et al. 2005), aphids would have had enough
time to show changes in feeding behavior due to the pres-
ence of alkaloids in E+ plants. Based on the observed val-
ues of SMR, we expected that aphids feeding on E+4 plants
had a reduced level of phloem ingestion. However, aphids
did not show any change in the ingestion of phloem on E+
and E— plants. We hypothesize that the reduction of phloem
ingestion occurs only when the amount of ingested alkaloids
overcome the aphid tolerance threshold. Thus, it is likely
that during the first hours of contact with E+ plants, the
level of ingested alkaloids has been within the aphid’s toler-
ance limits. However, a longer period of time feeding on E+
plants would have overcome the alkaloid tolerance threshold
decreasing the ingestion of phloem. In fact, changes in food
intake have been observed within a few hours of exposing
insects to endophytic alkaloids. For instance, larvae of the
Japanese beetle Popilia japonica growing for 24 h on diets
containing endophytic ergotamine decreased the ingestion
of food (Grewal et al. 1995). Moreover, changes in the aphid
food ingestion would be expected considering that R. padi
aphids always tend to prefer E— plants in choice experi-
ments (where insects are allowed to choose between E+
and E— plants) (Johnson et al. 1985; Eichenseer et al. 1991;
Eichenseer and Dahlman 1992; Davidson and Potter 1995;
Bultman et al. 2006). Whether this hypothesis is correct or
not requires further studies.

This work contributes to our understanding of how a
loline-producing fungal endophyte may influence the aphid

population dynamics studying the insect behavioral and
physiological responses and also highlights interesting ques-
tions necessary to appreciate the complete trophic interac-
tion between endophyte, host, and herbivore. Although our
study could not find a direct causal relation between the
physiological and behavioral responses with the individual
performance and the population processes of aphids, the
changes observed in the insect’s physiological status (SMR)
and in the population growth dynamic could be explained
by the differential phloem ingestion on E+ and E— plants.
Therefore, future studies would be required to monitor how
the individual feeding behavior is directly related to popula-
tion growth dynamics. Thus, the feeding behavior could be
an aspect key to understand the changes at individual and
population levels observed in aphids. Another interesting
aspect to explore is the biochemical detoxification response
of aphids to toxic fungal alkaloids. The endophyte E. occul-
tans is known to produce lolines (Sugawara et al. 2006;
Moore et al. 2015) whose chemical natures are lipophilic
(Petroski et al. 1989). To cope with lipophilic toxins, there
are a group of conserved enzymes required for detoxification
such as the superfamilies of cytochrome P450 monooxy-
genases, the glutathione S-transferases, and the esterases
(Després et al. 2007; Castafieda et al. 2010). It would be
particularly important to evaluate whether aphids express
or upregulate these enzymes in response to feeding on E+
plants. Our results of SMR and individual performance sug-
gest that the aphid’s biochemical detoxification capacity had
been overcome at the later stages of the population growth.
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