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Parasites can take over their hosts and trigger dramatic changes in host appearance and

behavior that are typically interpreted as extended phenotypes that promote parasite

survival and fitness. For example, Toxoplasma gondii is thought to manipulate the

behaviors of infected rodents to aid transmission to cats and parasitic trematodes of the

genus Ribeiroia alter limb development in their amphibian hosts to facilitate predation of

the latter by birds. Plant parasites and pathogens also reprogram host development and

morphology. However, whereas some parasite-induced morphological alterations may

have a direct benefit to the fitness of the parasite and may therefore be adaptive, other

host alterations may be side effects of parasite infections having no adaptive effects

on parasite fitness. Phytoplasma parasites of plants often induce the development

of leaf-like flowers (phyllody) in their host plants, and we previously found that the

phytoplasma effector SAP54 generates these leaf-like flowers via the degradation

of plant MADS-box transcription factors (MTFs), which regulate all major aspects of

development in plants. Leafhoppers prefer to reproduce on phytoplasma-infected and

SAP54-trangenic plants leading to the hypothesis that leafhopper vectors are attracted

to plants with leaf-like flowers. Surprisingly, here we show that leafhopper attraction

occurs independently of the presence of leaf-like flowers. First, the leafhoppers were

also attracted to SAP54 transgenic plants without leaf-like flowers and to single leaves

of these plants. Moreover, leafhoppers were not attracted to leaf-like flowers of MTF-

mutant plants without the presence of SAP54. Thus, the primary role of SAP54 is to

attract leafhopper vectors, which spread the phytoplasmas, and the generation of leaf-

like flowers may be secondary or a side effect of the SAP54-mediated degradation of

MTFs.

Keywords: plant–microbe–insect interactions, effector biology, floral development, parasite–host interactions,

adaptation
,

host manipulation
,

insect behavior

INTRODUCTION

Parasite-induced changes of host bodies, including changes in host development and behavior, are
viewed as extended phenotypes of parasite genes (Dawkins, 1982). The parasite genes modulate
the host phenotype in a direction that will aid the propagation and spread of the parasite, but that
can prove detrimental to the host (Dawkins, 1982, 1990). In some cases, parasite reprogramming
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of the host can lead to extreme changes in host development and
behavior. For example, the severe limb malformations of frogs by
trematodes of the genus Ribeiroia is thought to increase predation
of the locomotion-impaired frogs by birds, which are essential
for spread of the trematodes in the environment (Johnson et al.,
2004). As well, rodents infected with Toxoplasma gondii change
their behavior increasing the likelihood of predation by cats,
which are the definitive hosts for T. gondii (Berdoy et al., 2000).
However, mechanisms involved in parasite-mediated alterations
of host phenotypes are mostly unknown limiting our ability to
investigate if the modulations are adaptive (Poulin, 1995, 2013).
Only a few parasite genes that orchestrate dramatic changes in
host phenotype and behavior have been identified so far (Hoover
et al., 2011; MacLean et al., 2011, 2014; Sugio et al., 2011a, 2014).

It is often unclear whether dramatic changes in host
phenotype are adaptive or side effects (Dawkins, 1990, 2004;
Poulin, 1995, 2013). Parasite genes cooperate with each other
and interact with host genes generating variation in the extended
phenotype depending on the combination of parasite/host
genotypes (Dawkins, 1990). In addition, parasite genes may
interfere with multiple host factors, some of which have multiple
functions, therefore generating phenotypic side effects (Cezilly
et al., 2013). For example, genes involved in plant or animal
immune responses may also have roles in development and
behavior; Toll-like receptors in Drosophila control development
of body axis and defense responses to pathogenic fungi
and bacteria (Lemaitre et al., 1996; Artero et al., 2003).
Similarly, in plants, TEOSINTE BRANCHED1, CYCLOIDEA,
PROLIFERATING CELL FACTORS 1 and 2 (TCP) and MADS-
box transcription factors (MTFs) regulate major aspects of plant
growth and organ development, but also regulate, for example,
synthesis and downstream signaling of the plant hormones
jasmonic acid (JA; Schommer et al., 2008; Immink et al., 2012)
and salicylic acid (SA; Wang et al., 2015) that have roles in plant
defense.

Phytoplasmas are phloem-limited parasitic bacteria that
induce dramatic changes in the development of their plant hosts,
including proliferation of stems (witch’s brooms), conversion
of flowers into leaf-like structures (phyllody) and stunting and
yellowing (Bertaccini, 2007). Phytoplasmas depend on sap-
feeding hemipteran insect vectors for transmission (Weintraub
and Beanland, 2006). For Aster Yellows strain Witches’ Broom
(AY-WB) phytoplasma (‘Candidatus’ Phytoplasma asteris) it
was found that infected plants are more attractive to the
aster leafhopper Macrosteles quadrilineatus, which is the most
important insect vector of AY-WB (Frost et al., 2011, 2013; Sugio
et al., 2011a,b). The two AY-WB virulence proteins (effectors)
SAP11 and SAP54 modulate Arabidopsis thaliana development
and promote attraction and reproduction of insect vectors
to phytoplasma-infected A. thaliana plants (MacLean et al.,
2011, 2014; Sugio et al., 2011a,b). Effector SAP54 induces the
production of green and indeterminate leaf-like flowers that
resemble phyllody symptoms (MacLean et al., 2011). SAP54 acts
by degrading specific MTFs via the 26S proteasome requiring
SAP54 interaction with the 26S proteasome shuttle factor RAD23
(MacLean et al., 2014). Phyllody symptoms have been observed
in a broad range of phytoplasma-infected crops and wild plant

species and genes that have sequence similarities to AY-WB
SAP54 are found in diverse phyllody-inducing phytoplasmas
worldwide, suggesting that SAP54 effectors may have important
contributions to phytoplasma fitness (MacLean et al., 2011;
Maejima et al., 2014).

Leafhoppers feed and lay eggs mostly on green vegetation,
which is more abundant in leaf-like flowers than in normal
flowers (MacLean et al., 2011). Moreover, A. thaliana RAD23
is required for the SAP54 mediated development of leaf-like
flowers and also for leafhopper preference (MacLean et al.,
2014). Therefore, we hypothesized that the formation of leaf-
like flowers is a phytoplasma-induced extended phenotype to
attract leafhopper vectors. Surprisingly, we found that the leaf-
like flowers do not play a role in insect vector preference. We
argue that parasite-induced phenotypes of hosts are not always
adaptive, even if the developmental changes induced by parasite
infections are obvious (leaf-like flowers) and there is evidence
of a mechanistic link (dependence on RAD23) between the
developmental change of the host (leaf-like flowers) and factors
that directly impact parasite fitness (attraction of insect vectors
that spread phytoplasmas).

MATERIALS AND METHODS

Rearing of Insects
Phytoplasma-free colonies of Macrosteles quadrilineatus Forbes
(Hemiptera: Cicadellidae) were maintained on pathogen-free oat
plants (Avena sativa) in an aerated 50x50x50cm transparent
plastic cage at 22◦C, long day photoperiod (16/8-h light/dark),
48% humidity. Phytoplasma-infected colonies were reared on
AY-WB-infected China aster (Callistephus chinensis) and lettuce
(Lactuca sativa) under the same conditions as healthy insect
colonies.

Generation of Plants for Leafhopper
Choice Assays
Generation of 35S:GFP-SAP54 and 35S:GFP transgenic
Arabidopsis lines was done according to methods described
in (MacLean et al., 2011). A. thaliana ap1 and lfy mutant were
obtained from NASC (ID: N6232, allele ap1-12; ID: N6228, allele
lfy-1). The 35S:SVP lines were kindly provided by Martin Kater
and described in Gregis et al. (2013). The rad23 mutant lines
were provided by Richard Vierstra and described in Vierstra
(2009).

Non-flowering plants for insect choice experiments were
sown on insecticide-free F2 compost soil (Levington, UK) and
grown at 22◦C, short day photoperiod (10/14-h light/dark)
for 8 weeks. In contract, flowering plants were grown at 22◦C,
long day photoperiod (16/8-h light/dark) for 6 weeks. One
week after germination transgenic lines 35S:GFP-SAP54 and
35S:GFP were sprayed twice (one-week interval) with herbicide
Harvest R© (13.52% w/v glufosinate–amonium) following
manufacturers recommendations (Bayer, Cambridge, UK).
Four-weeks old plants were transplanted into 10 × 10 × 10 cm
(H × W × D) plastic pots. Experiments involving pre-cut
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FIGURE 1 | Leafhoppers prefer vegetative plant tissues to flowers and have similar distribution on leaf-like and wild-type flowers. (A) Macrosteles

quadrilineatus leafhoppers were photographed whilst residing and feeding on all parts of infected Arabidopsis thaliana rad23BD and rad23BCD plants, including

rosette leaves and petioles, stems, cauline leaves and flowers. Insects were found on carpels, sepals, petals and pedicels of wild-type-looking A. thaliana flowers as

well as leaf-like flowers. White scale bars on each picture are 1 cm. (B) Number of insects found on rosettes or floral tissue is plotted as percentage of the total

number of insects on wild-type plants and plants with leaf-like floral phenotype. Bars represent standard error of the mean of 8 independent replicate cages.

M. quadrilineatus has significant residency preference for rosette leaves compared to other floral structures both on AY-WB infected rad23BCD mutant plants with

leaf-like (L) flowers and AY-WB infected rad23BD mutant plants with wild-type flowers (GLM with time as covariate; F1,137 = 1797.78; P ≤ 0.001). There is no

difference between insect residency on wild-type and leaf-like flowers during the five-day leafhopper choice experiment (GLM with time as covariate; F1,67 = 0.19;

P = 0.666).
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FIGURE 2 | Aster leafhopper M. quadrilineatus demonstrates greater

residency preference for SAP54 expressing plants with leaf-like

flowers. More insects were found on SAP54 plants over the entire 5 day

choice period (GLM with time as covariate; F1,57 = 22.14; P ≤ 0.001). Picture

scale bar is 1 mm. Bars in the graph are one standard error of the mean.

flowers, floral stems were removed by metal scissors 4 days prior
to insect addition.

To generate infected plants (Figure 1), three-weeks old plants
were infected with ‘Ca. Phytoplasma asteris’ strain AY-WB by
adding five AY-WB-carrying adult M. quadrilineatus to each
plant in a transparent perspex tube (10 cm high, diameter
4 cm) for 5 days. Two weeks after the removal of adult insects,
three rosette leaves were collected for extraction of genomic
DNA to confirm phytoplasma infection using AY-WB specific
primers BF 5′AGGATGGAACCCTTCAATGTC 3′ and BR 5′

GGAAGTCGCCTACAAAAATCC 3′ (MacLean et al., 2014).

Insect Choice Assays
All insect choice experiments (Figures 1–3 and 5)
were performed in transparent polycarbonate cages
62 cm × 30 cm × 41 cm (H × W × D). The opposite
sides of the cage were fitted with white nylon mesh held by
magnetic strips to the carcas of the cage for ventilation and
access. GFP-SAP54 and GFP transgenic plants were placed
randomly diagonally opposite each other in the corners of a cage.
Ten male and ten female adult M. quadrilineatus, which did not
carry AY-WB phytoplasma, were released from a transparent
perspex tube (9 cm high, diameter 3 cm) in the center of the
cage, at equal distance from each test plant. Adult insects were
removed 5 days after addition to the cage. Plants were removed
from the choice cage and contained individually in transparent
perforated plastic bags at 22◦C, long day photoperiod (16/8-h
light/dark). Nymphs were counted on each test plant 14 days
after removal of adult insects from the cages. Data were expressed
as proportion of total number of nymphs found on the test plants
within each choice cage. Similar experiments were done with
phytoplasma-infected and healthy plants or wild type and
MTF-mutants plants.

Insect No-Choice Assay
For the no-choice experiment (Figure 4) five female and fivemale
non-infected adult M. quadrilineatus were added to individual
plants surrounded by a transparent plastic cage. Plants were
grown and insect progeny measured as in choice experiments.

Single-Leaf Insect Choice Assays
For the experiment in Figure 3D, single rosette leaves that
remained attached to GFP and GFP-SAP54 transgenic plants
were fitted opposite each other in a 2 cm × 8 cm × 12 cm
(H × W × D) transparent plastic cage fitted with nylon mesh-
lined holes (4 cm diam.) to allow for air circulation. Five male
and five female adult M. quadrilineatus leafhoppers (which did
not carry AY-WB) were introduced into the cage and allowed
free access to both leaves. Eggs were dissected and counted under
stereomicroscipe (15×) 5 days after the first day of exposure to
the insects.

Statistical Analysis
Statistical analysis was performed in Minitab16. Insect
oviposition data were analyzed using paired t-test, two-
tailed t-test or GLM. Assumptions of the statistical tests –
normal distribution and equal variance – were checked with the
Anderson–Darling and the Levene’s tests, respectively.

RESULTS

The aster leafhopper M. quadrilineatus is the most important
insect vector of the phyllody-inducing ‘Ca. Phytoplasma asteris’
strain AY-WB (Frost et al., 2011, 2013). This leafhopper favors
the colonization of plants with leaf-like flowers (phytoplasma-
infected rad23bd mutant plants and GFP-SAP54 transgenic
plants) versus plants with wild-type flowers (phytoplasma-
infected rad23bcd mutant plants and GFP transgenic plants;
MacLean et al., 2014). These results prompted us to further
examine if the insects are attracted by leaf-like flowers or repelled
by wild-type flowers of phytoplasma-infected rad23bd/rad23bcd
plants. Interestingly, leafhoppers resided and appeared to
feed equally well on wild type and leaf-like floral structures
(Figure 1A), suggesting that the insects do not prefer the leaf-like
flowers to the wild-type ones. Moreover, we noticed, that most
leafhoppers preferred to reside on the rosette leaves rather than
floral stems or flowers (Figure 1B), suggesting that the flowers
may not be required for leafhopper attraction. Nonetheless, we
found that the insects spent more time on GFP-SAP54 transgenic
plants with leaf-like flowers versus GFP transgenic plants with
wild-type flowers (Figure 2), and these insects produced more
progeny on GFP-SAP54 transgenic plants with leaf-like flowers
(Figure 3A; Supplementary Figure S1A). However, when insects
were not given a choice between host plants, by caging the
leafhoppers on either GFP-SAP54 transgenic plants with leaf-like
flowers or control GFP transgenic plants with wild type flowers,
no increase in nymph production was observed (Figure 4). Thus,
the observed leafhopper preference is the result of preferential
orientation to plants with leaf-like flowers rather than an increase
in reproductive efficiency of the leafhoppers on these plants.

To analyze the impact of leaf-like flowers on leafhopper
preference further, we removed both the leaf-like and wild-
type flowers from plants in the insect choice experiments and
found that the leafhoppers then also preferred the GFP-SAP54
plants (Figure 3B; Supplementary Figure S1A), suggesting that
the presence of leaf-like flowers are not required for leafhopper
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FIGURE 3 | Flowers and transition from floral to vegetative phase are not required for SAP54-mediated enhancement of insect colonization.

(A) M. quadrilineatus produces more nymphs on 35S:GFP-SAP54 transgenic A. thaliana (Col-0) plants with leaf-like flowers than on 35S:GFP (Col-0) control plants

with wild type flowers. (B) Removal of flowers and floral stems does not affect M. quadrilineatus colonization preference of 35S:GFP-SAP54 transgenic A. thaliana

(Col-0). (C) Leafhoppers also prefer GFP-SAP54 transgenic plants prior to transition from vegetative to floral growth. (D) M. quadrilineatus lays more eggs on single

rosette leaves of GFP-SAP54 transgenic plants. Bars shown are one standard error of the mean. Each experiment was replicated in six independent choice cages.

Significant difference in leafhopper reproductive preference are indicated as follows: ∗∗∗p ≤ 0.001; ∗∗p ≤ 0.025 (paired t-test). All experiments were repeated three

times with similar results (Supplementary Figure S1A).

FIGURE 4 | Macrosteles quadrilineatus leafhoppers produced similar nymph numbers when confined to 35S:GFP-SAP54 or 35S:GFP plants (no

choice tests). Leafhoppers were released on whole plants, which were caged inside a plastic tube as shown at left and right (picture scale bars are 5 cm). The

middle graphs show mean numbers of leafhopper nymphs produced in these cages of three independent experiments (paired t-test; n = 6; p = 0.773). Bars shown

are one standard error of the mean.

preference of GFP-SAP54 plants. A. thaliana plants used in insect
choice tests so far were grown at long days to induce bolting and
flowering. Next, we conducted choice tests on A. thaliana plants
grown at short days that did not flower. Again,M. quadrilineatus

produced more nymphs on GFP-SAP54 versus GFP (control)
plants (Figure 3C; Supplementary Figure S1A), suggesting that
insect preference for the GFP-SAP54 plants does not involve
physiological and developmental transformations during floral
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FIGURE 5 | Aster leafhopper M. quadrilineatus has similar oviposition

preference for plants with normal and leaf-like flower phenotype that

do not express SAP54. M. quadrilineatus did not show a preference for

colonization of Col-0 wild-type versus Col-0 apetala1 (ap1-12; p = 0.835),

Col-0 versus Col-0 leafy (lfy-1; p = 0.985) and Col-0 versus 35S:SVP (Col-0;

p = 0.960). Choice experiments were conducted with whole plants retaining

both vegetative and floral organs. Data shown as percentage of

M. quadrilineatus nymphs found on each test plant per total number of

nymphs within a single choice cage (bars are standard error of the mean).

Data were analyzed by paired t-tests. All experiments were repeated three

times with similar results (Supplementary Figure S1B). Picture scale bar is

approximately 1 mm.

transition. To confirm this finding, leafhoppers were also given a
choice between single leaves of GFP-SAP54 and GFP plants. We
found that the leafhoppers preferred to lay eggs onto single leaves
of GFP-SAP54 plants (Figure 3D; Supplementary Figure S1A),
indicating that leafhoppers are attracted solely to the leaves of
GFP-SAP54 plants. Taken together, these data demonstrate that
leaf-like flowers are not required for host plant selection by the
leafhopper vector, and that SAP54 modulates processes in leaves
to promote leafhopper attraction.

The above experiments provide evidence that leaf-like flowers
are not required for insect vector preference. Nonetheless, these
flowers could contribute to the insect preference. To test this, we
conducted choice experiments with A. thaliana lines displaying
leaf-like flowers, including MTF mutant lines ap1 (Mandel et al.,
1992) and lfy (Weigel et al., 1992) and the 35S:SVP transgenic
line (Gregis et al., 2013). All these lines produce flowers that
share leaf-like structures reminiscent to those of phytoplasma-
infected andGFP-SAP54 transgenic plants (MacLean et al., 2011).
We found that leafhoppers produce similar numbers of progeny
on both plants indicating no colonization preference for plants
with leaf-like floral phenotypes (Figure 5; Supplementary Figure
S1B) that is in agreement with our observation that leafhoppers
make a choice based on the presence of rosette leaves only
(Figure 3D). Thus, the leaf-like flowers are not required for
leafhopper preference of GFF-SAP54 plants.

DISCUSSION

Hitherto, direct analyses of the adaptive significance of parasite
extended phenotypes have been limited because many parasites

(such as phytoplasma) are not amenable to genetic manipulation
and parasite genetic factors that induce the dramatic host
alterations are often unknown. Given that leafhoppers feed and
lay eggs mostly on vegetative tissues, including stems and leaves,
and that the plant 26S proteasome cargo protein RAD23 is
required for both the induction of leaf-like flowers and insect
vector attraction (Weintraub and Beanland, 2006; MacLean et al.,
2014), we hypothesized that leafhoppers may be attracted to
leaf-like flowers of phytoplasma-infected and SAP54 transgenic
plants. However, this study has shown that leaf-like flowers are
not required nor are involved in attraction of the phytoplasma
insect vectors. Moreover, leafhoppers preferred plant vegetative
tissues above reproductive organs. Thus, leaf-like flowers do
not promote leafhopper colonization, even though these two
phenotypes are genetically connected via SAP54 interaction with
the 26S proteasome cargo protein RAD23 (MacLean et al., 2014)
(Figure 6).

Phyllody-inducing ‘Ca. Phytoplasma asteris’ phytoplasmas,
such as AY-WB, often infect annual plants (Lee et al., 2004),
which die upon flowering and seed production. Phytoplasmas
are dependent on insect vectors for spread before plants die
(Weintraub and Beanland, 2006). Hence, phytoplasmas that
produce effectors, such as SAP54, which attract insect vectors are
likely to spread faster than phytoplasmas that do not produce
such effectors. Therefore it is likely that insect vector attraction is
the extended phenotype of SAP54.Whether leaf-like flowers have
a role in promoting phytoplasma fitness has become less clear. It

FIGURE 6 | Phytoplasma effector SAP54 mediates insect vector

attraction to host plants independently of the presence of leaf-like

flowers. The phytoplasma virulence protein (effector) SAP54 interacts with

specific MADS-box transcription factors (MTFs) and degrades these via the

26S proteasome leading to the development of leaf-like flowers that resemble

those of phytoplasma-infected plants (MacLean et al., 2011, 2014). The

SAP54-mediated degradation of MTFs is dependent on SAP54 interaction

with the 26S proteasome shuttle factor RAD23 (MacLean et al., 2014).

Leafhoppers prefer to lay eggs on SAP54 transgenic lines and

phytoplasma-infected plants and this preference is also dependent on RAD23

(MacLean et al., 2014). Nonetheless, leaf-like flowers are not required for the

leafhopper egg-laying preference. Whether MTFs that are degraded by SAP54

regulate other cellular processes, such as plant defense responses to insect

pests, remains to be investigated.
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is possible that the induction of phyllody is a side effect of SAP54-
mediated modulation of processes involved in insect attraction.
SAP54 induces leaf-like flowers by mediating degradation of
MTFs via interaction with RAD23 (MacLean et al., 2014). MTFs
are regulatory hubs for a plethora of physiological processes in
plants, including plant immunity (comparable to animal HOX
genes); several MTFs appear to (in)directly regulate cytokinin
and JA synthesis and response genes (Gregis et al., 2013), which
affect plant–insect interactions (Erb et al., 2012; Giron and
Glevarec, 2014; Naessens et al., 2015; Schafer et al., 2015), such
as that of the AY-WB leafhopper vectorM. quadrilineatus (Sugio
et al., 2011a). In addition, MTFs regulate age-related resistance
responses to pests (Wilson et al., 2013). Therefore, SAP54-
mediated degradation of MTFs may modulate plant immunity
leading to attraction of the leafhoppers.

Another AY-WB phytoplasma effector, SAP11, binds and
destabilizes specific members of the TCP family and promotes
leafhopper oviposition activity in no-choice tests (Bai et al.,
2012; Sugio et al., 2011a, 2014). TCPs are transcription factors
that are conserved among plants and are regulatory hubs for
plant growth and organ formation. In addition, TCPs regulate
a variety of microRNAs and the plant defense hormones JA
(Schommer et al., 2008; Immink et al., 2012) and SA (Wang
et al., 2015). Another phytoplasma effector, Tengu, also induces
witch’s broom-like symptoms in plants (Hoshi et al., 2009) and
alters the plant JA and auxin hormone balance (Minato et al.,
2014), and it was suggested that the witch’s broom-like symptoms
attract the leafhopper vectors (Hoshi et al., 2009). However, given
that SAP11 decreases JA production, which increases leafhopper
colonization (Kallenbach et al., 2012; Lu et al., 2014; Sugio
et al., 2011b), it remains to be investigated if witch’s broom
symptoms are involved in the leafhopper colonization preference.
Thus, the SAP54, SAP11, and TENGU effectors all alter plant
development that resemble symptoms of phytoplasma-infected
plants, but for SAP54 we have now shown that the alterations in
plant development (leaf-like flowers) are not required for insect
preference.

Targeting conserved plant proteins, such as MTFs and TCPs
by phytoplasma effector proteins may enable the phytoplasma
parasites to infect a broad range of plant species. The 26S
proteasome shuttle proteins RAD23 are also conserved among
plant species (Vierstra, 2009). Compatibility of phytoplasmas
with multiple plant species is likely essential given that AY-
WB phytoplasma and related parasites are transmitted by
polyphagous insect species, such as leafhoppers of the genus
Macrosteles (Lee et al., 2004; Weintraub and Beanland, 2006).
Because these insects readily feed on many plant species,
phytoplasmas will increase their fitness if they canmodulate these
plants to increase attraction and colonization of insect vectors.
In agreement with this, SAP54 homologs are found in diverse
phyllody-inducing phytoplasmas that infect a wide range of plant
species (Bertaccini, 2007; MacLean et al., 2011; Maejima et al.,
2014). Thus, generalist parasites, especially those dependent on
alternative hosts for transmission, could gain fitness benefits via
interfering with conserved host processes.

It is often argued that phenotypes induced by parasites
have a direct positive relationship with parasite fitness (Gould

and Lewontin, 1979; Dawkins, 1982, 1990). For example, frogs
infected with Ribeiroia trematode species lose their legs and it
is thought that this enhances the likelihood of these frogs to
be eaten by birds, which are the secondary hosts (or vectors)
of the trematodes. Because the trematodes depend on the birds
for transmission to frogs (trematode-infested bird excretions
get into snails, which are then eaten again by frogs), the
trematode-induced alterations of frog morphology is seen as
an adaptive parasite-induced phenotype, which has the primary
role of enhancing trematode spread. Our hypothesis that leaf-
like flowers promote insect vector attraction was argued from
an adaptionist point of view, which was reinforced by our
finding that SAP54 interaction with RAD23 is required for
both leaf-like flower formation and insect vector attraction
(MacLean et al., 2014). However, an alternative non-adaptionist
view is that parasite-induced phenotypes are not always adaptive
and could be side effects or secondary phenomena that have
neutral effects on (parasite) fitness (Gould and Lewontin,
1979). In agreement with this, our results suggest that the
formation of leaf-like flowers may be a phenotype that is
secondary or a side effect to the primary role of SAP54 and
phytoplasmas to attract leafhoppers (Figure 6). Therefore, leaf-
like flowers may be an example of a non-adaptive parasite-
induced phenotype.
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