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Abstract

A growing number of studies suggest that plant viruses manipulate host plant phenotypes to increase transmission-conducive
behaviors by vectors. Studies on this phenomenon frequently omit examination of interactions that occur after vectors
acquire virions, which provides an incomplete understanding of the ecology of plant virus manipulation. Here, by taking a
full factorial approach that considered both the infection status of the host (Montia perfoliata) and viruliferous status of the
aphid (Myzus persicae), we explored the effects of a circulative, non-propagative virus (Turnip yellows virus [TuYV]) on a
suite of behavior and performance metrics that are relevant for virus transmission. Our results demonstrate that viruliferous
aphids exhibited an increased velocity of movement and increased activity levels in locomotor and dispersal-retention assays.
They also had increased fecundity and showed a capacity to more efficiently exploit resources by taking less time to reach
the phloem and ingesting more sap, regardless of plant infection status. In contrast, non-viruliferous aphids only exhibited
enhanced fecundity and biomass on TuY V-infected hosts, and had overall reduced dispersal and locomotor activity relative
to viruliferous aphids. In this pathosystem, post-acquisition effects were stronger and more conducive to virus transmission
than the purely pre-acquisition effects mediated by virus effects on the host plant. Our study provides additional support for
the hypothesis that virus manipulation of vector behavior includes both pre- and post-acquisition effects and demonstrates
the importance of considering both components when studying putative virus manipulation strategies.
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Introduction

Communicated by Jennifer Thaler.

Electronic supplementary material The online version of this
article (https://doi.org/10.1007/s00442-020-04763-0) contains
supplementary material, which is available to authorized users.

Plant viruses fundamentally change the physiology of their
hosts. Virus-induced changes in host morphology, chloro-
phyll content, metabolism, defense, and many other pheno-
typic aspects can have drastic effects on plant productivity
and fruit quality (Culver and Padmanabhan 2007). Although
these negative outcomes have driven much of the research on
virus symptom expression, accumulating evidence suggests

>4 Quentin Chesnais
quentin.chesnais @inrae.fr

P< Arnaud Ameline
arnaud.ameline @u-picardie.fr

! UMR CNRS 7058 EDYSAN (Ecologie et Dynamique des

Systémes Anthropisés), Université de Picardie Jules Verne,
33 Rue St Leu, 80039 Amiens Cedex, France

Institut National de Recherche en Agriculture, Alimentation
et Environnement, SVQV UMR-A1131, Université de
Strasbourg, 68000 Colmar, France

Institut National de Recherche en Agriculture, Alimentation
et Environnement, BGPI, Université de Montpellier,
SupAgro, CIRAD, 34000 Montpellier, France

Department of Entomology, University of California,
Riverside, CA 92521, USA

Published online: 29 September 2020

that symptoms induced by vector-borne viruses may also
be important components of virus ecology and epidemiol-
ogy. Foraging and feeding behaviors of mobile insect vectors
responsible for virus transmission are strongly influenced
by the same phenotypic aspects altered during virus infec-
tion (Fereres and Moreno 2009; Mauck et al. 2018; Eigen-
brode et al. 2018). Since vectors are essential for initiating
new infections, it is logical to hypothesize that selection
will favor viruses inducing phenotypes that enhance the
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probability of vectors visiting infected hosts and perform-
ing behaviors conducive to virus acquisition and retention.

This ‘manipulation’ of the host by the virus to encour-
age interactions with vectors is not a concept that is unique
to plant viruses. Similar phenomena are well documented
among eukaryotic parasites that rely on trophic interactions
among different species for transmission and life cycle com-
pletion (Lefeévre et al. 2009; Poulin et al. 2010). Parasitic
acanthocephalans, cestodes, nematodes, and trematodes can
modify the activity and microhabitat preferences of their
intermediate hosts (often an invertebrate) in ways that make
them more likely to be predated upon by the final host in the
parasite life cycle (often a vertebrate) (Lafferty and Shaw
2013). Despite plant viruses being much simpler organ-
isms relative to multicellular parasites, a growing number
of studies suggest that symptoms of virus infection may not
be mere by-products of pathology, but instead, the result of
adaptations for encouraging vector contacts with infected
hosts and virion acquisition (Mauck et al. 2012, 2016). For
example, increased attraction of vectors to infected hosts has
been documented in response to changes in odor-based and
visual plant phenotypes elicited by plant viruses in at least
four families (Bromoviridae, Potyviridae, Luteoviridae, and
Reoviridae) (Eigenbrode et al. 2002; Jimenez-Martinez et al.
2004; Mauck et al. 2014; Lu et al. 2016; Claudel et al. 2018).

An even greater number of studies across a wider diver-
sity of taxa report that plant virus infections enhance the
specific behaviors required for vectors to acquire and retain
virions after contacting infected hosts (reviewed in Mauck
et al. 2012, 2018). Increases in transmission-conducive
probing and feeding behaviors occur when viruses induce
changes in phenotypic aspects influencing plant palatabil-
ity (e.g., leaf physical characteristics, primary metabolites,
secondary metabolites, and inducible defenses) (McMenemy
et al. 2012; Casteel et al. 2014; Chesnais et al. 2019a). In
contrast to virus effects on host attractiveness to vectors,
modifications to host palatability components are not uni-
form, but seem to vary in a predictable way depending on the
transmission mechanism requirements of each virus taxon;
viruses acquired and inoculated through brief probes of
epidermal tissue followed by rapid dispersal tend to reduce
palatability, while viruses acquired and inoculated through
long-term feeding (hours to days) in plant phloem elements
tend to increase palatability, ease of phloem access, and
ease of phloem sap ingestion (Mauck et al. 2012, 2018).
This dichotomy of virus effects, which is driven by shared
transmission characteristics and not virus phylogeny, lends
support to the idea that plant virus effects on host pheno-
types and vector behavior may be adaptive. This supposition
is further supported by recent functional genomics studies
identifying virus proteins and conserved host pathways
involved in manipulations (Mauck et al. 2019; Ziegler-Graff
2020).
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Documentation of virus effects on host phenotypes is
important for establishing that such effects may constitute
adaptive manipulations by viruses, but it largely ignores
the important interactions that occur after vectors contact
infected hosts and acquire virions. For example, most of the
viruses purported to manipulate host plant phenotypes are
circulative viruses, meaning virions traverse the vector gut
barrier to form long-term, persistent associations with vector
tissues (e.g., salivary glands), where they can reside (circu-
lative, persistent, non-propagative), and even replicate (cir-
culative, persistent, propagative) (Hogenhout et al. 2008).
Thus, acquisition of virions by a vector insect presents yet
another target organism for phenotypic manipulation. The
resulting “direct effects” of viruses on vector behavior and
physiology, which occur after acquisition, can be considered
mechanistically distinct from the “indirect effects” described
above because they do not involve a plant host as the inter-
mediary between the virus and vector (Mauck et al. 2019).

Direct manipulation of vector behavior in ways that
enhance transmission has now been documented in the labo-
ratory for several circulative plant viruses, and the epidemio-
logical consequences of these observations have been mod-
eled at field scales (Roosien et al. 2013; Shaw et al. 2017).
The handful of empirical studies to date indicate that virus
acquisition and retention often significantly influence subse-
quent vector orientation and settling preferences in ways that
should increase virus transmission (reviewed in Mauck et al.
2018, 2019). For example, Myzus persicae (Sulzer) aphids
that had acquired potato leafroll virus (PLRV, Luteoviridae)
from infected plants preferred to orient towards volatiles
from non-infected potatoes, while non-viruliferous aphids
preferred volatiles from PLRV-infected plants (Rajabaskar
et al. 2014). The same preference reversal was evident when
aphids had access to contact-based cues; viruliferous aphids
settled preferentially on healthy plants, while non-virulifer-
ous aphids settled more often on infected plants. Theoretical
extrapolations of these effects to field scales suggest that
reversals in vector preferences following virus acquisition
are beneficial for virus spread, and, in some cases, may be
essential components of the vector manipulation process
(Roosien et al. 2013; Shaw et al. 2017). There is even evi-
dence that direct effects of viruses go beyond movement
and dispersal to exert subtle changes in feeding behaviors
that are closely linked with virus inoculation (e.g., saliva-
tion and ingestion), which can be measured for many vector
insects using the Electrical Penetration Graph (EPG) tech-
nique (Tjallingii 1988). In two of the earliest direct manipu-
lation studies, Stafford et al. (2011) reported an increase in
salivation events responsible for virus inoculation for thrips
infected with the circulative, propagative tomato spotted wilt
virus (Tospoviridae) (TSWV). And, Moreno-Delafuente
et al. (2013) reported increased durations of phloem contacts
and salivation among whiteflies carrying the circulative,
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non-propagative tomato yellow leaf curl virus (Geminiviri-
dae) (TYLCYV), as well as more rapid movement of viru-
liferous vectors. Both alterations are expected to facilitate
the inoculation and establishment of respective viruses in
susceptible host plants; TSWV through extended salivation
in epidermal and mesophyll cells (Rotenberg et al. 2009;
Stafford et al. 2011), and TYLCYV through extended saliva-
tion into phloem sieve elements (Prado and Tjallingii 1994).

The studies discussed above support the hypothesis that
virus manipulation of vectors includes direct, post-acqui-
sition effects on behavior. But most focus on one or two
aspects of post-acquisition vector biology without consider-
ing additional dimensions that strongly influence the prob-
ability of a viruliferous vector successfully dispersing to,
and inoculating, a susceptible host plant. This provides an
incomplete understanding of the ecology of manipulation for
key pathosystems and leaves out details that are necessary to
parse the mechanisms by which viruses are able to directly
manipulate vectors. To address this, we explored the effects
of a circulative, non-propagative virus (Turnip yellows virus
[TuY V], genus Polerovirus family Luteoviridae) on a suite
of vector traits that are relevant to transmission, including
host preferences, in-leaf feeding behavior, locomotor activ-
ity, fecundity, and biomass. We previously documented that
TuYV induces changes in host plant phenotype consistent
with indirect vector manipulation (Chesnais et al. 2019a, b).
Here, we provide evidence that TuYV manipulation extends
beyond the period of time where the vector is in contact with
the infected host, while demonstrating the importance of
considering multiple axes of vector behavior and physiology
in direct effects studies.

Materials and methods
Study system

Seeds of claytonia (Montia perfoliata cv. “Claytone
de Cuba”, Caryophyllales: Portulaceae) provided by
‘Graines Baumaux’ (Mazirot, France) were sown in pots
(60 x 60x 65 mm) containing commercial sterilized potting
soil and maintained in a growth chamber under 20+ 1 °C,
60% + 5% relative humidity (RH), and 16 L: 8 D photoperiod
at 2.5 klux.

The Myzus persicae (Sulzer) (Hemiptera: Aphididae)
colony was established from one parthenogenetic female
collected in 1999 in a potato field near Loos-en-Gohelle
(France). The colony was reared on rapeseed (Brassica
napus cv. “Adriana”) (Brassicales: Brassicaceae). Pots
(90x90 % 100 mm) containing each 3—4 rapeseed plants
were placed in ventilated plastic cages (240 110x 360 mm)
and maintained in a growth chamber under the conditions
described above. For all the experiments, apterous adult

(8+ 1 day old) aphid clones were synchronized on rapeseed
leaves set in 1.5% agar in Petri dishes (90 mm diameter).
Prior to the experiments, these synchronized adult aphids
were placed for 24 h on TuY V-infected or non-infected
M. perfoliata, to create two groups of aphids: the virulif-
erous aphids (i.e., aphids carrying the virus) and the non-
viruliferous aphids. Although ‘viruliferous’ aphids were not
tested to confirm the presence of the virus, after 24-h feeding
on TuY V-infected plants, in our many years of experience
with this system, we have found that the likelihood of TuYV
transmission to a susceptible host by one Myzus persicae
following a 24-h acquisition access period is close to 100%
(unpublished data).

The turnip yellows virus (TuYV) used in our experi-
ments was provided by Véronique Ziegler-Graff at IBMP-
CNRS (Strasbourg, France) and maintained on M. perfoliata
(Leiser et al. 1992). Plants were inoculated with TuYV by
placing two aphids, previously allowed a 24-h acquisition
access period on TuY V-infected M. perfoliata, on a single
14-day-old plant for a 3-day inoculation period. After 72 h,
aphids and nymphs were gently removed with a paintbrush.
The infection status of the inoculated plants was visually
confirmed 21 days post-inoculation (dpi) by symptoms
observation: dwarfing, reddening/yellowing of leaf mar-
gins and interveinal discoloration. Virus infection was also
confirmed using double antibody sandwich enzyme-linked
immunosorbent assay with polyclonal antibodies produced
by LOEWE (Adams and Clark 1977). Sham-inoculated (i.e.,
non-infected) plants were treated similarly using non-viru-
liferous aphids. For all the bioassays described below, plants
were used three weeks after virus inoculation or sham inoc-
ulation. All experiments were conducted under controlled
conditions (20+ 1 °C, 60% = 5% relative humidity [RH], and
16 L: 8 D photoperiod at 2.5 klux).

Aphid locomotor activity

Dispersion behavior and velocity of viruliferous and non-
viruliferous aphids were monitored on a target arena (Fig. 1).
One by one and alternately, an aphid, either viruliferous or
not, was deposited in the center of a paper arena (285 mm
diameter), divided into 10 concentric circles (“spatial zone”)
spaced by 15 mm. Aphids were deposited on a transpar-
ent glass plate placed on the paper arena, which allowed
cleaning of the glass surface with ethanol every 5 aphids. To
minimize external stimuli, the arena was positioned between
4 white foam cardboard “walls” and a white fluorescent
tube was positioned above. For each aphid, we determined
the number of "spatial zones" crossed (parameter “move-
ment”), the maximum zone reached (parameter “disper-
sion”), and the time taken to move from one zone to another
for a maximum of 300 s (parameter “velocity”). The test is
completed if (i) the aphid crosses the 10th spatial zone and
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Fig. 1 Bioassay set-up used to record dispersion behavior and loco-
motor activity of aphid (paper arena covered with a squared glass
plate). Blue line: aphid path on the arena in 300 s; red dots: number
of spatial zones in which the aphid has entered (“movement”). The
maximum spatial zone reached is considered a “dispersion” param-
eter. The “velocity” parameter is equal to the average duration in each
zone

leaves the arena, or (ii) at the end of 300 s. Two blocks of
twenty aphids were used for each aphid status (viruliferous
or non-viruliferous).

Aphid settlement preference and migration

Aphid emigration and settlement preference were tested in
arenas allowing contact-based, odor-based, and visual cues.
The experimental set-up used was adapted from Mauck et al.
(2010) (Fig. 2). In these bioassays, we assessed the propen-
sity of apterous aphids (either viruliferous or not) to emigrate
from infected or sham-inoculated plants. Ten aphids were
released onto leaves of an infected or sham-inoculated plant
(the “release” plant) placed adjacent to a second plant (the
“choice” plant), which was of the opposite status. The two
plants in the cage were linked by a bridge allowing aphids
to move between plants. The whole setting was placed in
a 360x240x 110 mm plastic and aerated cage where the
“release” and “choice” plants were randomly placed to avoid
any position effect. To minimize external stimuli, the cage
was positioned between 4 white foam cardboard walls and
a white fluorescent tube was positioned above. Aphids were
then counted on each plant 24 h after deposition. Each test
was repeated 15 times.
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Aphid feeding behavior

We used the electrical penetration graph DC system as
described by Tjallingii (1988) to investigate the effects of
both (i) the plant status (TuYV infected or sham inoculated)
and (ii) the aphid status (viruliferous or not) on the feeding
behavior of M. persicae. We created electrical circuits that
each included one aphid and one plant by tethering a thin
gold wire (20 pm diameter and 2 cm long) on the insect’s
dorsum using conductive silver glue (EPG systems, Wagen-
ingen, the Netherlands). To facilitate the tethering process,
aphids were immobilized at the edge of a pipette tip using
a vacuum pump (KNF Neuberger, model. N§6KN.18. Ger-
many). Eight apterous aphids were connected to the Giga-8
DC-EPG amplifier and each one was placed on the leaf
(adaxial side) of an individual plant. A second electrode
was inserted into the soil of each potted plant to close the
electrical circuit. The recordings were performed continu-
ously for 8 h during the photophase. Each aphid—plant sys-
tem was placed inside a Faraday cage at 20 + 1 °C. Acquisi-
tion and analysis of the EPG waveforms were carried out
with PROBE 3.5 software (EPG—Systems, www.epgsy
stems.eu). Relevant aphid behavior EPG parameters were
calculated with EPG-Calc 6.1 software (Giordanengo 2014)
and were based on different EPG waveforms described by
(Tjallingii and Hogen Esch 1993). We decided to select a
few relevant and important parameters for the acquisition of
TuYV by aphids, i.e., the total durations of “probing time”
and “phloem sap ingestion phases” and the time needed by
the aphid to reach the phloem (additional parameters regard-
ing pathway phases and phloem salivation are included in
Table S1). In this study, the feeding behavior of viruliferous
and non-viruliferous M. persicae on M. perfoliata, infected
or not by TuY'V, was investigated using 19-23 individuals
for each “aphid” X “plant” combination (Non-viruliferous
feeding on sham-inoculated plant, n =22; Non-viruliferous
feeding on TuY V-infected plant, n=20; Viruliferous feeding
on sham-inoculated plant, n =23; Viruliferous feeding on
TuY V-infected plant, n=19).

Aphid fecundity and biomass

Synchronized apterous adults (8 + 1 day old) were randomly
selected from the pools of viruliferous and non-viruliferous
aphids and transferred onto plants of TuY V-infected or
sham-inoculated M. perfoliata plants to study adult fecun-
dity. Each adult aphid was individually placed in a clip cage.
The number of nymphs produced was recorded daily for
4 days. New nymphs were removed and counted daily with
a soft camel-hair brush to estimate the daily fecundity of
each individual parent. For each combination of plant status
(TuYV infected or sham inoculated) per aphid status (virulif-
erous or non-viruliferous), 19-20 aphids were used.
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Fig.2 Bioassay set-up used to test aphid emigration and settlement
on infected and non-infected plants. a Viruliferous Myzus persicae
(purple) released on infected Montia perfoliata (yellow); b Non-viru-
liferous M. persicae (blue) released on infected M. perfoliata; ¢ Non-

Groups of synchronized first-instar nymphs (less than
24 h old) of M. persicae were obtained from partheno-
genetic adult females placed on either TuY V-infected or
non-infected M. perfoliata leaves set in 1.5% agar in Petri
dishes (90 mm diameter). After 24 h, the adult females were
removed from the petri dishes (three per modality) and the
newly deposited M. persicae remained. To quantify effects
of TuYV infection on aphid biomass, ten 4-day-old juve-
nile aphids per Petri dish (thirty aphids total per modal-
ity) were randomly selected, frozen at — 80 °C and subse-
quently weighted individually, using a precision electronic
scale (Mettler M3, class 1, Max: 3 g, Low: 1 ug, T= -3G
[dd]=1 pg).

Statistical analyses

Locomotor activity parameters and aphid fecundity were
analyzed with a non-parametric ANOVA using ranks
(package R: “Rfit”; p value adjustment with “fdr” method)
because homogeneity of variances (Levene test) and normal-
ity (Shapiro—Wilk test) were not verified. When a significant
effect of one of the main factors was detected or when an
interaction between factors was significant, non-paramet-
ric multiple comparisons for relative effects (package R:

Choice plant
(Non-infected)
Bridge

Release plant
(TuYV-Infected) N

Choice plant
(TuYV-Infected)
Bridge

Release plant ——
(Non-infected)

(b)

240 mm

360 mm

(d)

240 mm

360 mm

viruliferous M. persicae released on sham-inoculated M. perfoliata
(green) and d Viruliferous M. persicae released on sham-inoculated
M. perfoliata. (S: sham-inoculated plant; I: infected plant)

“nparcomp”) (p value adjustment with “Tukey” method) at
the 0.05 significance level was used to test for differences
between treatments. Data on aphid retention/dispersion were
analyzed with a non-parametric ANOVA using permutations
on values (package R: “permuco”; freedman_lane to handle
nuisance variables and 50.000 permutations; p value adjust-
ment with “fdr” method) because normality (Shapiro—Wilk
test) was not verified.

We used generalized linear models (GLM) with a likeli-
hood ratio and Chi-square test to assess whether there was
an effect of plant or aphid status on M. persicae feeding
behavior. When a significant effect of one of the main fac-
tors was detected or when an interaction between factors
was significant, a pairwise comparison using least-squares
means (package R: “Ismeans”) (p value adjustment with
Tukey method) at the 0.05 significance level was used to
test for differences between treatments. Data on aphid feed-
ing behavior (probing and phloem sap ingestion phases) was
not normally distributed, so we carried out a GLM using a
Gamma (link =“inverse”) distribution. When a significant
effect of one of the main factors was detected or when an
interaction between factors was significant, a pairwise com-
parison using least-squares means (package R: “Ismeans”)
(p value adjustment with Tukey method) at the 0.05
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significance level was used to test for differences between
treatments. Data on aphid feeding behavior (t1 <E2) were
modeled using the Cox proportional hazards (CPH) model
and we treated cases where the given event did not occur
as censored. The assumption of validity of proportional
hazards was checked using the functions “coxph” and “cox.
zph”, respectively (package R: “survival”). When a signifi-
cant effect of one of the main factors was detected or when
an interaction between factors was significant, a pairwise
comparison using Estimated Marginal means (package R:
“emmeans”) (p-value adjustment with Tukey method) at
the 0.05 significance level was used to test for differences
between treatments. The fit of all generalized linear models
was controlled by inspecting residuals and QQ plots. Data on
aphid biomass were analyzed using a Wilcoxon test because
normality was not verified (Shapiro test). All statistical anal-
yses were performed using the R software (version 3.3.2) (R
Core Team 2019).

Results
Aphid locomotor activity

The velocity of viruliferous aphids was increased compared
to non-viruliferous aphids (i.e. shorter duration spent per spa-
tial zone in the arena) (ANOVA on aphid status, F=51.35,
P <0.001) for both experiment blocks (Fig. 3). We also
observed overall locomotor activity varied significantly across
experiment blocks, (ANOVA, F=16.72, P<0.001) and a sig-
nificant interaction between experiment block and aphid status
(ANOVA, F=20.10, P<0.001). However, the overall effect
of viruliferous status was maintained cross blocks: non-viru-
liferous aphids took on average between 40 and 70 s to cross

200 -

150 L
100 1 o ‘

N —

50 - M o0

[ ] ® o

_ iﬁ* - i

Repetition 1

B4 Non-viruliferous
BH Viruliferous

Duration per spatial zone (seconds)

Repetition 2

Fig.3 Locomotor activity (duration per spatial zone in seconds)
of TuYV-viruliferous and non-viruliferous M. persicae. Box plots
show median (line), 25-75% percentiles (box), 10-90% percentiles
(whisker), and outliers (dots). Letters indicate significant differences
between aphid status associated with non-parametric ANOVA fol-
lowed by non-parametric multiple comparisons
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a spatial zone, while the viruliferous aphids were 3—4 times
faster (~16-17 s).

Aphid settlement preference and migration

Viruliferous aphids were less likely to remain on the “release”
plants and dispersed more often to the “choice” plants rela-
tive to non-viruliferous aphids (ANOVA; retention: P <0.001;
dispersion: P<0.001). This increased dispersal was present
regardless of the plant status (ANOVA; retention: P=0.050;
dispersion: P=0.074) (Fig. 4). We did not detect an interaction
between aphid viruliferous status and plant infection status
(ANOVA; retention: P=0.509; dispersion: P=0.912).

Aphid feeding behavior

The duration of general probing phase in plant tissue was
not affected by the aphid status (GLM, df=81, F=3.271,
P=0.074) nor the plant status (GLM, df=82, F=0.184,
P=0.669) (Fig. 5a). Time to first phloem phase was signifi-
cantly influenced by aphid status (Cox model, y°=13.877,
P <0.001) (Fig. 5b), plant status (Cox model, )(2=7.752,
P =0.005) and their interaction (Cox model, )(2=5.028,
P=0.025). Overall, Time to first phloem phase was sig-
nificantly higher when non-viruliferous aphids were on
TuY V-infected M. perfoliata plants (Fig. 5Sb). The dura-
tion of phloem sap ingestion phases was longer for virulif-
erous aphids than non-viruliferous aphids (GLM, df=63,
F=6.402, P=0.014) (Fig. 5c), regardless of plant status
(GLM, df=64, F=1.220, P=0.273). There were no sig-
nificant interactions between aphid status and plant status
terms for both probing and phloem sap ingestion duration
parameters (GLM, P> 0.05).

Aphid fecundity and biomass

Aphid fecundity was significantly influenced by aphid sta-
tus (ANOVA, F=40.35, P<0.001), plant status (ANOVA,
F=12.85, P<0.001) and their interaction (ANOVA,
F=12.14, P <0.001). Overall, aphid fecundity was signifi-
cantly higher when aphids were either viruliferous (regard-
less of plant status) or reared on TuY V-infected M. perfo-
liata plants (Fig. 6a). When reared on infected plants, the
biomass of aphids increased by 50% compared to aphids
reared on sham-inoculated M. perfoliata plants (Wilcoxon
rank sum test, W=108.5; P <0.001) (Fig. 6b).

Discussion
Aphid feeding and movement are influenced by visual,

odor-based, physical, and gustatory host cues conveying
information about suitability (Margaritopoulos et al. 2005;
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Fig.4 Aphid behavioral
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Fig.5 Feeding behavior variables of viruliferous and non-virulif-
erous M. persicae on M. perfoliata plants (TuYV infected or sham
inoculated). a Duration of probing phase in plant tissue; b Time
to first phloem phase and ¢ Duration of phloem sap ingestion. Box
plots show median (line), 25-75% percentiles (box), 10-90% per-
centiles (whisker), and outliers (dots). Letters show significant dif-

Powell et al. 2006). Plant virus effects on host plant cues
frequently elicit changes in the durations and frequencies
of vector feeding or movement behaviors in ways that are
likely to enhance transmission (Fereres and Moreno 2009;
Mauck et al. 2012). Consistent with this, our results dem-
onstrate that M. perfoliata host plant phenotype is altered
by TuYV infection in ways that are likely to enhance trans-
mission by non-viruliferous vectors contacting infected
plants for the first time. However, by carrying out con-
current experiments with viruliferous insects, we provide
evidence that the transmission-conducive effects of TuYV
on aphid vector behavior extend far beyond the acquisition

ferences between aphid viruliferous status and plant infection status
as tested with Cox model followed by pairwise comparisons using
‘emmeans’ (method: Tukey). The asterisks indicate a significant dif-
ference between viruliferous and non-viruliferous M. persicae (GLM,
*P <0.05)

access period. Aphids that fed on TuY V-infected M. per-
foliata for 24 h prior to being used in experiments showed
increased velocity of movement (time to cross spatial
zones in an arena) and increased activity levels (movement
among hosts) in locomotor and dispersal-retention assays
(Fig. 7). Viruliferous aphids also had increased fecundity
and showed a capacity to more efficiently exploit resources
by taking less time to reach the phloem and ingesting more
sap (Fig. 7). Surprisingly, fecundity and feeding efficiency
effects occurred regardless of whether the host plant was
infected with TuYV or sham inoculated (Fig. 7). In con-
trast, non-viruliferous aphids only exhibited enhanced
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day-old M. persicae aphids. Box plots show median (line), 25-75%
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Fig.7 Conceptual figure showing the observations for TuYV pre- and
post- acquisition effects on vector behavior and performance. Blue
aphid =non-viruliferous Myzus persicae; purple aphid= viruliferous
M. persicae; green plant=sham-inoculated Montia perfoliata (S);
yellow plant=TuY V-infected M. perfoliata (I)

fecundity and biomass on TuY V-infected hosts, and had
overall reduced dispersal and locomotor activity relative
to viruliferous aphids (Fig. 7). Our study provides addi-
tional support for the hypothesis that virus manipulation
of vector behavior includes both pre-acquisition effects
mediated by the host and post-acquisition effects, which
may be a product of viruses directly altering physiologi-
cal aspects of the vector that are important for behavior
(Mauck et al. 2019).
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Sham-inoculated  TuYV-infected

Letters indicate significant differences between aphid status asso-
ciated with non-parametric ANOVA followed by non-parametric
multiple comparisons. The asterisks indicate a significant difference
between TuY V-infected and sham-inoculated M. perfoliata plants
(Wilcox rank sum test, ***P <0.001)

Although post-acquisition effects of persistent, circula-
tive viruses on vector behavior have been noted previously,
several of these studies did not measure responses of vir-
uliferous vectors to both infected and non-infected hosts.
Notably, studies employing the Electrical Penetration Graph
(EPG) technique report that viruliferous whiteflies and thrips
engage in transmission-conducive behaviors on non-infected
hosts (Stafford et al. 2011), as well as hosts that are not
susceptible to the virus (Moreno-Delafuente et al. 2013),
but not on infected hosts. However, using a full factorial
design in our EPG study, we showed a significant interac-
tion between aphid viruliferous status and plant infection
status for the time it takes for insects to reach the phloem, a
critical metric for both virus transmission and aphid nutri-
tion (Fig. 5) (Prado and Tjallingii 1994; Fereres and Moreno
2009). Non-viruliferous aphids take significantly longer to
reach the phloem on TuY V-infected M. perfoliata plants (an
effect which is somewhat detrimental for both aphid and
virus), but viruliferous aphids do not encounter this same
difficulty, and reach the phloem faster than non-viruliferous
insects regardless of hosts infection status (Fig. 5) where
they proceed to ingest more phloem sap (Fig. 5). The phloem
salivation phase was not strongly affected by the aphid and/
or plant status, but it is worth noting that viruliferous aphids
(as well as non-viruliferous aphids on TuY V-infected plants)
also exhibited a reduced number of probing and pathway
phases, which are indicative of greater ease in accessing
phloem tissues (Table S1). Since TuYV is a persistently
transmitted virus that is acquired and inoculated from
the phloem, more rapid phloem access and more efficient
phloem feeding are likely to favor both the acquisition and
inoculation processes (Mauck et al. 2012, 2018). However,
these post-acquisition effects would not have been evident
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if we had only quantified vector feeding on non-infected
hosts. In fact, viruliferous status drove most of the changes
observed in our EPG study, largely overriding any effects of
host infection status.

A similar result was observed when aphids were allowed
free movement among infected and healthy hosts in reten-
tion-dispersal assays. Non-viruliferous aphids tended to
remain on “release” plants, with slightly more aphids
retained on TuY V-infected plants vs. non-infected plants
(Fig. 4). This is consistent with prior studies documenting
greater retention of M. persicae on TuY V-infected Camelina
sativa (Chesnais et al. 2019a, b) as well as studies on the
related species, Potato leafroll virus ([PLRV] genus Polero-
virus, family Luteoviridae) and Barley yellow dwarf virus
([BYDV] genus Luteovirus, family Luteoviridae), which
also report greater retention of non-viruliferous aphids on
infected hosts (Jimenez-Martinez et al. 2004; Rajabaskar
et al. 2014). In contrast, viruliferous aphids dispersed more
readily to the “choice” plant in all assays (Fig. 4). The infec-
tion status of the release and choice plants did not play a
significant role in driving viruliferous aphid distributions
among plants at experiment conclusion (24 h). Instead, viru-
liferous status was the significant factor. Similar experiments
with BYDV, PLRYV, and the related species, Cucurbit aphid-
borne yellows virus ((CABY V] genus Polerovirus, family
Luteoviridae), have been performed to evaluate the influ-
ence of viruliferous status and host infection status on vector
settling using the same full factorial design employed here
(Ingwell et al. 2012; Rajabaskar et al. 2014; Carmo-Sousa
et al. 2016). These experiments documented changes in vec-
tor dispersal preferences following virus acquisition over
12-h periods (Ingwell et al. 2012; Rajabaskar et al. 2014) or
48-h periods (Carmo-Sousa et al. 2016), but in all cases, vec-
tors switched from having no preference (CABYV) or pre-
ferring to settle on virus-infected hosts (BYDV and PLRV)
when non-viruliferous to having a clear settling preference
for non-infected hosts when viruliferous. In our experiments,
which we evaluated after 24 h, acquisition of TuYV prior to
bioassays did not reverse vector preferences but was asso-
ciated with more equalized distribution of aphids across
available hosts (as opposed to remaining on the release
host) in the arena by 24 h. Although the time frame differs
somewhat from that used in experiments with BYDV, PLRV
and CABY'V, and the effects are more subdued, we can still
conclude that the viruliferous aphids in our assays exhibit
a greater propensity to move among adjacent plants over a
biologically meaningful time period, which is expected to
increase opportunities for virus transmission (Roosien et al.
2013; Shaw et al. 2017).

More extensive movement among hosts by virulifer-
ous aphids in dispersal assays may be partially explained
by the results of our locomotor activity assay, which shows
that viruliferous aphids exhibit increased overall locomotor

activity even in the absence of host plants (Fig. 3). This
suggests that acquisition of TuY'V from infected host plants
may change physiological aspects underlying the capacity or
motivation for foraging. We can gain some insight into the
mechanisms underlying changes in viruliferous aphid activ-
ity levels by revisiting the behavioral processes of apterous
aphid dispersal, which have been studied in detail for several
agriculturally relevant aphid species (Hodgson 1991). When
introduced to a new host environment, as in our dispersal
assays, an aphid may choose to settle and remain on the
host surface, or engage in locomotor activities consistent
with appetitive (foraging) movement (Kennedy and Booth
1963, 1964; Fereres et al. 2007). If settling and feeding are
initiated, an aphid may still choose to reinitiate locomotor
activity at some later point in response to stimuli that trig-
ger a motivation to walk (Johnson 1958; Kennedy 1965;
Pettersson et al. 2007). Motivation to walk or settle is the
key “switch” in these behavioral processes, and this switch
can be triggered by different external stimuli, including the
density of aphids in the area, host plant quality, abiotic fac-
tors (temperature, wind), presence of natural enemies, and
the activities occurring just prior to host contact (e.g., flight
duration) (Fereres et al. 2007; Claflin et al. 2017). Given
that these factors were equalized across experiments with
viruliferous and non-viruliferous aphids, we hypothesize that
viruliferous apterous aphids may have a lower motivational
threshold for initiating and continuing locomotor activities
in response to stimuli.

Motivational threshold for dispersal via locomotor activ-
ity in response to stimuli is not well studied in aphids, but
can vary with aphid life stage (Losey and Denno 1998) and
diurnal rhythms (Beer et al. 2017). We know of one study
besides our own that documents post-acquisition effects
of a persistent circulative virus on aphid vector mobility.
Levin and Irwin (1995) found that non-viruliferous alates
of Rhopalosiphum padi that initiate their first flight more
than 40 h post-eclosion can fly for longer durations than
same-aged R. padi carrying BYDV. It should be noted that
this is a different pathosystem and morph of the vector (alate
vs. apterous), so it is not surprising that the results are not
congruent. However, both findings are important as evidence
that circulative persistent plant viruses can modify locomo-
tor activity of aphid vectors in biologically meaningful ways.
Beyond aphid—virus pathosystems, there is also evidence
of vector-borne pathogens inducing similar “increased dis-
persal or locomotor activity” from studies on insect vec-
tors other than aphids. Martini et al. (2015) reported that
Candidatus Liberibacter asiaticus acquisition by the psyllid,
Diaphorina citri, enhances flight capacity and Lima-Camara
et al. (2011) found that acquisition of Dengue fever virus by
Aedes aegypti increases locomotor activity. In this context,
our work provides further evidence that the motivational
threshold for dispersal by walking may also be reduced
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by plant virus acquisition and that this change is likely to
enhance contacts between viruliferous vectors and poten-
tially susceptible hosts.

A lower motivation threshold for movement in response
to dispersal-stimulating inputs may synergize with the
effects of virus acquisition on aphid fecundity, which we also
observed to be positive. Viruliferous aphids produced more
offspring on non-infected hosts than non-viruliferous aphids,
and plant infection status did not alter this (Figs. 6 and S1).
It is not possible to rule out changes in host plant infection
status over the course of this experiment as playing a role
in this increased fecundity; initially non-infected hosts may
be inoculated and undergo physiological changes over the
4-day period of our fecundity assay. However, the biological
relevance of these results remains regardless of whether the
effect is partially mediated by a plant response. If we con-
sider that viruliferous aphids more rapidly engage in feeding
behaviors conducive to inoculation on non-infected hosts
(Fig. 5), and their clear advantage in producing offspring
(Fig. 6), there is the potential for each viruliferous adult
aphid to initiate large colonies on plants that will become
infected. If viruliferous aphids also have a lower motiva-
tional threshold for dispersal (Fig. 4) and a propensity to
cover longer distances in shorter times (Figs. 3; S2), this
may facilitate movement of now viruliferous offspring from
the infected hosts to susceptible healthy hosts, which our
data demonstrate are equally acceptable and supportive of
fecundity as long as the aphid is viruliferous (Figs. 6; S1).

By taking a factorial approach that considered both host
infection status and aphid viruliferous status and extending
it beyond settling assays to a suite of metrics relevant for
virus transmission, we demonstrated that post-acquisition
effects of viruses on vector behavior can be important com-
ponents of putative virus manipulation strategies and should
figure more prominently in research moving forward. In the
M. perfoliata—TuYV pathosystem, post-acquisition effects
were stronger and more conducive to virus transmission
than the purely plant-mediated effects observed in experi-
ments with non-viruliferous aphids, which were limited to
increases in fecundity and biomass on TuY V-infected hosts
(Fig. 6) (Bogaert et al. 2020). Although we did not attempt
to parse the mechanisms underlying post-acquisition effects
or determine temporal durations, the thorough behavioral
process work described here lays the foundation for such
efforts. For example, to discern how behavioral outcomes of
TuYV acquisition are mediated by direct virus effects on the
aphid vs. combinations of direct and indirect (plant-medi-
ated) effects, future work should explore movement behavior
and performance of viruliferous and non-viruliferous aphids
on both TuY V-susceptible hosts and non-susceptible hosts.
It is also necessary to combine these experiments with
approaches that separate the effects of carrying the virus
from those of feeding on virus-infected plants. This could
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be done by purifying virions and feeding them to aphids
via artificial diets within membranes (e.g., as in Ingwell
et al. 2012) or through direct injection into the hemocoel
(Tamborindeguy et al. 2008). Experiments employing plant-
free virion delivery methods could then be combined with
molecular approaches to track changes in gene expression
of viruliferous and non-viruliferous aphids over the course
of interactions with hosts. In addition, structural equation
modeling could be employed to quantify the relative contri-
butions of various factors in driving behavioral phenotypes
conducive to virus transmission (Clark et al. 2019), and to
begin exploring the importance of both pre- and post-acqui-
sition effects in field settings (Chisholm et al. 2019). Our
work presented here, and future efforts that build upon it,
will ultimately provide a more complete picture of the many
ways that persistently transmitted viruses alter the biology
of hosts and vectors and the consequences of these effects
for virus evolution and spread.
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