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Abstract

Aphids can harbor several secondary symbionts that alter important aphid-related ecological traits, such as defense
against natural enemies, heat tolerance and host plant utilization. One of these secondary symbionts, Spiroplasma,
is well known in Drosophila as a sex modulator and by interacting with the host immune system. However, little is
known on the effects of Spiroplasma on aphids, such as its influence on the host immune defense against fungi and on
host plant utilization. Aphid infections by Spiroplasma are known to be low and few aphid species were reported to
be infected with this secondary symbiont, however aphids belonging to the genus Aphis in neotropical regions show
high infection rates by Spiroplasma. Thus, we investigated the association of Spiroplasma with the tropical aphid Aphis
citricidus through comparative biology experiments on two host plants with different nutritional value to the aphid.
We demonstrate Spiroplasma induced no significant fitness costs to A. citricidus on either host plant as no changes in
the fitness traits we assessed were observed. Spiroplasma infection only induced sutle changes on host longevity and
fecundity. Therefore, we concluded Spiroplasma established a neutral interaction with A. citricidus under the selection
pressure we tested, and argue on stress conditions that could better demonstrate the role of Spiroplasma in A. citricidus
bioecology and associated costs involved.
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Custo adaptativo induzido por Spiroplasma em Aphis citricidus em
duas plantas hospedeiras

Resumo

Pulgdes podem abrigar varios simbiontes secundarios que alteram caracteristicas ecoldgicas importantes, como defesa
contra inimigos naturais, tolerancia ao calor e utilizagdo da planta hospedeira. Um desses simbiontes secundarios,
Spiroplasma, ¢ estudado em Drosophila por alterar a razao sexual e interagir com o sistema imunoldgico do hospedeiro.
No entanto, pouco se sabe sobre os efeitos do Spiroplasma em pulgdes, como sua influéncia na defesa contra fungos
entomopatogénicos ou na utilizagdo da planta hospedeira, por exemplo. Spiroplasma foi identificado em poucas
espécies de pulgdo e geralmente em baixa densidade, contudo pulgdes pertencentes ao género Aphis em regides
neotropicais apresentam altas taxas de infeccdo por Spiroplasma. Assim, investigamos a associac¢do entre Spiroplasma
¢ o pulgdo neotropical Aphis citricidus por meio de biologia comparativa em duas plantas hospedeiras com diferentes
valores nutricionais para o pulgdo. Spiroplasma nao causou custo adaptativo significativo para A4. citricidus em ambas
planta hospedeira. A infecgdo por Spiroplasma induziu apenas pequenas mudancas na longevidade e fecundidade do
hospedeiro. Portanto, concluimos que Spiroplasma estabeleceu uma interagdo neutra com A. citricidus sob auséncia de
pressao de selecdo. Entretanto, discutimos sobre condi¢des de estresse que possam demonstrar o papel de Spiroplasma
na bioecologia de A. citricidus e os possiveis custos envolvidos.

Palavras chave: interagao pulgdo-simbionte, biologia comparada, planta hospedeira, ecologia nutricional.

1. Introduction

Aphids are associated with many bacterial symbionts, with ~ and a diversity of secondary symbionts influencing several
the obligate symbiont Buchnera aphidicola supplementing  ecological traits (Moran, 2007; Oliver et al., 2005; Burke
the host diet with essential amino acids and vitamins  and Moran, 2011; Simon et al., 2011; Ferrari et al., 2012;
(Buchner, 1965; Douglas, 1998; Hansen and Moran, 2014),  Lukasik et al., 2013a).
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The secondary symbionts so far identified infecting
aphids are Arsenophonus, Hamiltonella defensa, Regiella
insecticola, Rickettsia, Rickettisiella viridis, Serratia
symbiotica, Spiroplasma, Wolbachia and the X-type
symbiont. These bacteria may produce phenotypic
responses ranging from defense against natural enemies
to host plant use (Su et al., 2013; Sugio et al., 2015).
For example H. defensa, S. symbiotica and R. viridis are
linked to resistance to macroorganisms (Oliver et al., 2010;
Tsuchida et al., 2014), while R. insecticola, R. viridis,
Rickettsia, Spiroplasma and X-type are associated with
protection against microorganisms (Ferrari et al., 2001;
Lukasik etal., 2013b; Tsuchida et al., 2014; Heyworth and
Ferrari, 2015). Wolbachia is known to confer protection
against viruses in Drosophila and mosquito, but the
role of this bacterium in aphids remains to be explored
(Teixeira et al., 2008; Augustinos et al., 2011; Moreira et al.,
2009). Besides their defensive role in associated aphids,
R. insecticola, S. symbiotica and X-type were also linked
with tolerance to heat stress (Montllor et al., 2002; Russell
and Moran, 2006; Heyworth and Ferrari, 2015), Spiroplasma,
Arsenophonus and Wolbachia with reproductive alterations
(Bourtzis and Miller, 2006), and R. insecticola and
Arsenophonus with host plant use (Leonardo and Muiru,
2003; Ferrari et al., 2007).

Spiroplasma is a particular interesting genus of
bacteria since its members may be associated as ecto and
endocytobionts with a variety of plants and arthropods
(Anbutsu and Fukatsu, 2011). Moreover, all strains of
the genus Spiroplasma are obligatorily associated with
insects in some part of their life, either as commensals,
pathogens or mutualists (Gasparich, 2002). Spiroplasma
are long known as sex ratio distorters in Drosophila species
(Ebbert, 1991), and to participate in host defense against
nematode and parasitic wasps in Drosophila (Jaenike et al.,
2010; Xie et al., 2010).

In aphids, Spiroplasma infections were first reported
in 4. pisum in 2001 (Fukatsu et al., 2001), and a diversity
of aphid phenotypes have been described since then in
association with this symbiont. Spiroplasma were reported
to reduce fecundity and longevity (Fukatsu et al., 2001;
Simon et al., 2011), induce ‘male-killing’ in the sexual
generation (Simon et al., 2011), confer protection against
fungi in 4. pisum (Lukasik et al., 2012), and to broaden
host plant range in aphids (Tsuchida et al., 2004). However,
symbiont-induced phenotypes are usually context-dependent,
being affected by the symbiont strain, aphid species/clone,
host plant, biogeography and abiotic factors (Montllor et al.,
2002; Leonardo and Muiru, 2003; Brady and White, 2013;
Russell et al., 2013).

Host plant and biogeography are the two least recognized
factors that influence symbiont diversity and distribution
(McLean et al., 2011), and data on biogeography have
been inconsistent, mainly due to unbalanced research
efforts focusing in few aphids species constrained to a
narrow global range (Tsuchida et al., 2002; Brady et al.,
2014; Forister et al., 2015; Zytynska and Weisser, 2016).
Spiroplasma has been rarely investigate in South America,
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although there are indications it may be more prevalent
in tropical areas (Zytynska and Weisser, 2016). Indeed,
there are very few studies on aphid species with a narrow
host range and/or on tropical areas.

Aphis citricidus is a common aphid in tropical areas.
Its diet breath is restricted to Citrus plants and a few
related species, and acquired economic pest status by
vectoring the citrus tristeza virus (CTV) to citrus plants
(Halbert and Brown, 1996; Halbert et al., 2004). Although
there are few studies on secondary symbiont diversity
associated with aphids in tropical areas, our previous
investigations on A. citricidus association with microbial
secondary symbionts indicated Spiroplasma as the most
common symbiont associated with this aphid (Guidolin
and Consoli, 2018).

Therefore, considering the possible aphid host phenotypes
that may arise from interactions with Spiroplasma, we
speculated if Spiroplasma infection would result in any
fitness costs to the aphid A. citricidus, and if it would
influence host plant use by assessing several aphid fitness
traits on a highly suitable host plant (Citrus sinensis) as
compared to a less suitable host plant (Murraya paniculata)
(Guidolin, 2016).

2. Material and Methods
2.1. Aphid isolines

Adult aphids were collected on unmanaged Citrus sp.
groves and on Murraya paniculata in different localities
within the municipality of Piracicaba, SP, Brazil. Aphids
were brought to the laboratory and classified following
the key for wingless adults provided by (Halbert and
Brown, 1996).

After species identification, specimens of Aphis citricidus
were individually placed on Citrus sinensis seedlings inside
rearing cages (50 cm high x 15 cm diameter) containing
two lateral openings closed with cloth for ventilation. Cages
were maintained under controlled conditions (25 + 2 °C;
60 + 10% UR; 14 h photophase) for aphid reproduction
and development. Isolines that produced second generation
were used for symbiont screening by diagnostic PCR
to detect the six most common secondary symbionts
associated with aphids, as well as the primary symbiont
Buchnera aphidicola and the APSE-1 bacteriophage.
We used positive and negative controls for all diagnostics
PCR that followed protocols establish by Sandstrom et al.
(2001), Tsuchida et al. (2002) and Oliver et al. (2005).
All isolines identified carrying Spiroplasma were also
infected by another secondary symbiont. Therefore, an
isoline carrying only Buchnera was selected and infected
with Spiroplasma donated by a laboratory-established
isoline of Aphis aurantii.

2.2. Artificial infection of A. citricidus with Spiroplasma
by microinjection
An isoline of A. citricidus carrying only the obligate

symbiont Buchnera aphidicola was selected for the establishment
of a sister isoline infected with Spiroplasma for comparative
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analysis of fitness traits between Spiroplasma-infected
(Ac-BS) and Spiroplasma-free (Ac-B) sister lines and
assessment of fitness costs. Assessments of fitness traits
were done on two host plants. Spiroplasma was obtained
from a donor isoline of A. aurantii, exclusively infected
with this secondary symbiont.

The Spiroplasma-free isoline of A. citricidus was divided
into two groups, and third instars of one of these groups
were microinjected with hemolymph collected from the
Spiroplasma-infected A. aurantii isoline to originate the
Spiroplasma-infected sister isoline (Ac-BS). Third instars
of the remaining group of 4. citricidus were microinjected
with PBS buffer (137 mM NaCl, 2.7 mM KCI, 10 mM
Na,HPO,,2 mM KH,PO,) as control, for the establishment
of the so-called Spiroplasma-free isoline (Ac-B).

Microinjections were performed with ultra-thin needles
made from borosilicate glass capillary tubes (1 mm e.d. x
0.78 1.d. - cat# BF100-78-10, Sutter Instrument Company).
The borosilicate glass capillary tubes were shaped into glass
needles using a P-1000 Flaming/Brow Micropipette Puller
(Sutter Instruments Inc.) with heat set to 550°C, pull at
60 U, velocity at 60s, pressure at 500 U, and time at 250 U.
Needles were sharpened using a 1300M Beveler (World
Precision Instruments Inc.) for 30s under 45°. Injections
were carried by coupling the needles to a PV830 Pneumatic
Pico Pump (World Precision Instruments Inc.) connected
to a nitrogen cylinder. Hemolymph was collected using a
glass needle after removal of a leg of Spiroplasma-infected
A. aurantii adults. The same needle was immediately used
to microinject a third instar Spiroplasma-free A. citricidus.

Injections were made on the lateral side of the abdomen of
A. citricidus. Hemolymph collected from one A. aurantii
adult was injected into a single third instar of A. citricidus.
The needle was replaced after every three injections.
Newly-injected third instars of A. citricidus (Ac-BS
and Ac-B) were maintained under controlled conditions
(25£2°C; 60+£10% UR; 14:10 h) on Citrus sinensis var.
Péra (sweet orange) as a host plant until they completed
their development. Adults obtained from these plants were
transferred to Citrus limonia (rangpur) for several generations
before their use in further experiments. Nymphs from Ac-B
and Ac-BS isolines on rangpur were sampled, subjected
to DNA extraction and diagnostic PCR for confirmation
of the infection status by Spiroplasma. DNA extraction
and diagnostic PCR confirmation of Spiroplasma infection
were performed as earlier described (Guidolin and Consoli,
2018). Infection status by Spiroplasma was confirmed twice,
on the first generation after microinjection to prove that
Spiroplasma injected could pass to the next generation,
and before estabelish the comparative biology experiments
to assure isolines were still positives for Spiroplasma.

2.3 Biology of Aphis citricidus Ac-BS and Ac-B isolines
on sweet orange and orange jasmine

Spiroplasma-infected (Ac-BS) and Spiroplasma-free
(Ac-B) isolines of A. citricidus maintained on rangpur
were transferred to orange jasmine (M. paniculata) and
sweet orange (C. sinensis var. Péra). They were reared
on these host plants for six generations before biological
observations were made (see Figure 1).
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Figure 1. Experimental design for the comparative biology of Aphis citricidus Ac-BS and Ac-B isolines on sweet orange

and orange jasmine.
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Plastic cups (9.5 X 7.5c¢m) containing a ventilation hole
at the bottom closed with cloth were used as rearing cages
to isolate aphids in new flushes of each host plant to allow
for the observation of their development. One-hundred
nymphs (0-24h-old) were placed in a new flush within
cach rearing cage in each one of the host plants studied
(orange jasmine or sweet orange), and their time to adult
development and survivorship were recorded. Four replicates
were made for each isoline in each host plant, with each
100 nymphs as an experimental unit.

For observation of adult reproduction and longevity,
20 newly-emerged adults from each isoline in each one
of the host plants were individually caged on a new host
plant similar to the host plant they fed as nymphs. Female
fecundity and longevity were recorded daily by counting
and removing new nymphs until the adult female died.

All colony maintenance and experiments were conducted
under controlled conditions (25 + 2 °C; 60 + 10% RH;
14 h photophase).

2.4. Statistical analysis

Data normal distribution was checked with Shapiro test
and homocedasticity with Bartlett test. To attend normal
distribution, data on adult fecundity and longevity on sweet
orange were transformed with boxcox algorithm A= 0.4.
The effect of Spiroplasma infection on the biological
parameters observed for A. citricidus within each host
plant was compared using ¢ test (p < 0.05). All statistical
analyses were carried using the R Statistical software
(v.3.2.1; R CORE TEAM, 2015).

The biological data obtained for Ac-BS and Ac-B
isolines of A. citricidus in each one of the host plants
were also used to estimate life table parameters, such as
the net reproductive rate (Ro), the intrinsic rate of increase
(Rm), and the finite growth rate (X). Life table parameters
were compared by using a paired # test (p < 0.05) based

on Jackknife estimates using SAS® (SAS Institute, 2015;
Maia and Luiz, 2006).

3. Results

Spiroplasma had no effect on most of the biological
parameters of A4. citricidus studied regardless the host
plant (sweet orange or orange jasmine) (Table 1). Nymph
development time was the only parameter affected by
Spiroplasma infection, leading to a small delay in immature
development in infected aphids when reared on sweet
orange (Table 1).

Likewise, life table parameters between Ac-BS and
Ac-B isolines of 4. citricidus were similar within each host
plant (Table 2). However, values obtained for 4. citricidus
on sweet orange, regardless of Spiroplasma infection,
indicated sweet orange as a much better host to A. citricidus
than orange jasmine, as aphids took much longer to double
their population and had much lower finite growth rates
in orange jasmine if compared to sweet orange (Table 2).

4. Discussion

We demonstrated Spiroplasma induced subtle changes
on the fitness traits assessed for 4. citricidus, independently
of the host plant tested. Nymph development time on
sweet orange was the only trait to be marginally affected
by Spiroplasma, with infected aphids experiencing slower
growth. The lack of any significant effects on the aphid
fitness traits under the ecological conditions tested coupled
with the frequency of occurrence we detected this symbiont
in natural populations of 4. citricidus and A. aurantii at
the same ecological niche (Guidolin and Consoli, 2018),
suggest an efficient mechanism for vertical transmission
of Spiroplasma and its adaptation to A4. citricidus as a host.

Vertical transmission occurs through maternal germlines,
and usually maternally-inherited symbionts must benefit

Table 1. Nymph development time and survivorship, percentage of reproductive females and adult longevity and fecundity
of Spiroplasma—free (Ac-B) and Spiroplasma—infected A. citricidus (Ac-BS) isolines reared on sweet orange and orange
jasmine as host plants (25+2°C; 60+10% RH; 14 h photophase) (Mean + SD).

Treatment Ac-B Ac-BS Statistical df D
test

Sweet Orange
Nymph development time (days) 6.1£0.06b 6.5+£0.09a =-32 5,95) <0.05
Nymph survivorship (%) 83.7+£2.59a 882+497a =-0.8 4,5) 0.46
Reproductive female (%) 95 a 95 a =0 1) 1
Adult longevity (days) 88=+1.16a 72+139a =1.1 (34,7) 0.26
Adult fecundity (N° nymph/Q) 20.1+2.57a 23.6+497a t=-0.07 (30, 5) 0.94
Orange jasmine
Nymph development time (days) 6.5+023a 6.5+0.18a =-0.2 (5, 6) 0.86
Nymph survivorship (%) 69.5+3.66a 72.7+£3.06a =-0.68 (5, 8) 0.52
Reproductive female (%) 90 a 85a ,=0.29 (1) 0.58
Adult longevity (days) 10.0+1.83 a 87+t17a =02 (32,9) 0.79
Adult fecundity (N° nymph/Q) 23.1+434a 209+4.063a =0.15 (32,9) 0.87

Means with the same letter in line are not significantly different at p > 0.05 using t-test.
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Table 2. Finite growth rate (L), intrinsic rate of increase
(rm) and net reproductive rate (Ro) of Spiroplasma-free
(Ac-B) and Spiroplasma-infected (Ac-BS) isolines of
Aphis citricidus reared on sweet orange and orange jasmine
as host plants (25+2°C; 60+10% RH; 14 h photophase)

(Mean + SD).
Treatment Ac-B Ac-BS

Sweet Orange
A 24+0.16a 26+049a
rm 0.8+0.06 a 09+0.16a
Ro 16.6+2.13 a 20.8+4.37a

Orange jasmine
A 1.9+£0.07a 1.9+0.19a
rm 0.6+0.04a 0.6+0.09 a
Ro 159+2.99a 150+3.33a

Means with the same letter in line are not significantly
different at p > 0.05 using t-test with Jacknife replicates.

their host fitness to guarantee their maintenance and spread
in the host population. Reproductive parasites usually
benefit the reproductive fitness of infected females by
either rendering uninfected females infertile when mating
infected males (cytoplasmic incompatibility), favoring
female-biased sex ratio in infected females, providing
increased resistance against diseases, and adding little
fitness cost to the associated host (Stouthamer et al.,
1999; Duron et al., 2008; Engelstéddter and Hurst, 2009;
Jaenike et al., 2010). However, secondary symbionts other
than reproductive parasites that are also vertically transmitted
must establish relationships in which infected hosts will
gain fitness benefits over uninfected hosts to guarantee
their persistence in the host population (Oliver et al., 2005;
Russell and Moran, 2006; Oliver et al., 2008). It is very
unlikely that Spiroplasma assumes a role of a reproductive
parasite in 4. citricidus, since reproduction of this species in
tropical areas is exclusively by telytokous parthenogenesis.

Moreover, benefits to the host and persistence of the
interaction will depend on the evolutionary history of the
host-symbiont. In the case of aphids, most of the facultative
associated symbionts share recent evolutionary histories
with their hosts as the benefits symbionts provide to their
hosts are highly influenced by several biotic and abiotic
conditions (Ferrari et al., 2007; Oliver et al., 2008; 2010;
Lukasik et al., 2013a; Cass et al., 2016). Yet, there is a
cost associated to harbor one or more secondary symbiont,
and persistence and spread of a new infection in a host
population depends on the trade-offs between the costs
of the maintenance of the symbiont and the benefits
the symbiont provide to the host (Oliver et al., 2014;
Dykstra et al., 2014; Cayetano et al., 2015).

The lack of fitness costs in the association of A. citricidus
— Spiroplasma demonstrates that the transfection of a
Spiroplasma strain originally infecting 4. aurantii into
A. citricidus indicates the horizontal transmission of
this symbiont may be a natural event in the field where
these populations co-occur. Such natural transmission of
Spiroplasma between these aphid species would be possible
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because species co-occur in the same host plants and are
attacked by the same natural enemies, where both of these
conditions are required for natural horizontal transmission
to occur (Duron et al., 2008). The absence of fitness costs
in transfected 4. citricidus and the fast establishement and
maintenance of the infection status in laboratory conditions
are also indicatives the Spiroplasma line transferred to
A. citricidus was well-adapted to the host immune system
(Schmid-Hempel, 2005; Bright and Bulgheresi, 2010).

The successful establishment of an infection by
Spiroplasma in A. citricidus and the persistent association
through vertical transmission could be associated with
the fact that A. citricidus and A. aurantii share similar
ecology and provide a similar physiological environment
to Spiroplasma. Interspecific transfections were highly
successful when species shared similar physiological
enviroments and ecology (Perlman and Jaenike, 2003;
Longdon et al., 2011; Lukasik et al., 2013b).

We have to consider that the neutral outcome of the
interaction between Spiroplasma and A. citricidus may
be due to the fact infected aphids were not exposed to a
selection pressure, such as a fungal pathogen and/or an
abiotic stress condition, in which the costs of infection to
the host could be perceived, as often observed for infected
aphids under some stress conditions (Oliver et al., 2008).
We understand our data imposes limitations in making broad
conclusions as we observed the effects of Spiroplasma on
a single genetic pool. On the other hand, the experimental
set up used allowed us to isolate noise coming from the
interactions of different genotypes with Spiroplasma,
allowing us to conduct our analysis without interference
of host genetic variability.

In conclusion, Spiroplasma infection did not yield any
fitness cost to A. citricidus as no changes in the assessed
fitness traits were observed in response to the nutritional
quality of the host plant. However, comparative proteomic
analysis of Spiroplasma-infected and healthy aphids on
host plants with different nutritional value to the aphid
indicated Spiroplasma may have a strong influence on
the host nutritional immunity (Guidolin et al., 2018).
Therefore, the phenotype induced by Spiroplasma infection
of A. citricidus remains to be determined and will require
further investigations under different selection pressures,
such as those that challenge the host immune system.
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