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Conditions of elevated temperature and CO, levels [30 °C and 970 parts-per-million (ppm), respectively] reduced
the systemic titers of a potato virus Y (PVY) isolate in Nicotiana benthamiana plants, relative to standard con-
ditions (25 °C, ~405 ppm CO). Under controlled conditions we studied how these growing environments af-
fected the transmission of infection by aphids. Probabilities of transmission of infection by insects that fed on
infected donor plants kept at either standard conditions, or at 30 °C and 970 ppm CO, were both determined and

found to positively correlate with titers in donor leaves, independently of the ambient conditions in which
recipient plantlets would grow. With these data, viral prevalence was simulated under conditions of elevated
temperature and CO, levels and found that for it to remain comparable to that simulated under standard con-
ditions, insect arrivals to recipient plants in the former scenario would have to increase several-fold in their

frequency.

1. Introduction

Abiotic parameters influence outcomes of infection of plants by
viruses in ways that are specific to each particular interaction. For ex-
ample, ambient conditions of relative elevated temperatures have been
known to attenuate systemic symptoms in many compatible infections
by positive-sense RNA viruses, and were usually associated to decreases
in viral titers (De Bokx and Piron, 1977; Hull, 2002; Szittya et al., 2003;
del Toro et al., 2015, 2018; Aguilar et al., 2015; Chung et al., 2016).
However, in other infections elevated temperature had either little or
no detrimental effect on viral titers and on disease symptoms, or even
potentiated them, as was the case in the infection of Nicotiana ben-
thamiana plants by the cucumber mosaic virus (CMV) strain Fny (del
Toro et al., 2015). Different strains from the same virus species could
react to elevated temperatures in completely different ways, with re-
gard to symptoms and/or viral titers, as was shown for different strains
of CMV that infected muskmelon plants (Roossinck, 1991), or for dif-
ferent strains of the Potyvirus potato virus Y (PVY) infecting N. ben-
thamiana plants (del Toro et al., 2015; Chung et al., 2016), indicating
that temperature effects are not determined at the virus species taxon.

* Corresponding authors.

Both elevated temperature and CO, levels are ambient abiotic
parameters associated to climate change. Ambient CO, levels are ex-
pected to increase steadily during the rest of the century under any of
the anthropogenic emissions scenario contemplated, and radiative for-
cing by this and other greenhouse gasses is very likely going to increase
global average temperatures, and the frequency and extent of heat
waves (IPCC, 2014 synthesis report. Pachauri and Meyer Eds. http://
www.ipcc.ch/;). Several works have studied how elevated temperature
and/or higher levels of CO,, as well as other abiotic parameters affect
compatible infections of plants by different RNA viruses, with regard to
viral titers and the symptoms induced (Matros et al., 2006; Ye et al.,
2010; del Toro et al., 2015, 2017; Zhang et al., 2015; Chung et al.,
2016; Dader et al., 2016; van Munster et al., 2017). Results from those
works suggest that climate change will affect plant RNA virus isolates
and strains differently in their abilities not only to infect and potentially
cause damage to crops, but also to establish infection, disperse and
ultimately remain in the environment.

Most plant viruses disperse by insect vectors (Brault et al., 2010;
Froissart et al., 2010). Extensive literature exists on studies concerning
the transmission of plant viruses by insect vectors. Those studies show
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that transmission probabilities for a certain virus species can be affected
by the virus strain and the specific compatible host plant it infects, and
also by the biotype of the insect vector species that transmits it (for
reviews, see Fereres and Moreno, 2009; Froissart et al., 2010; Trebicki
et al., 2016; Whitfield et al., 2018).

Many RNA viruses are transmitted by aphids in a non-persistent
manner, including potyviruses and cucumoviruses (Watson and
Roberts, 1939), which constitute two of the most important genera of
plant RNA viruses because of their economic impact, cosmopolitanism
in number of plant species that they can infect, and global geographical
distribution (Hull, 2002). Numerous studies on the non-persistent
transmission of RNA viruses have been published. Some of those studies
have compared relative transmission frequencies of different virus
species by the same aphid biotype (Chung et al., 2016). Other studies
have compared probabilities of transmission by the same aphid biotype
of different mutant variants of the same virus species (Atreya et al.,
1991, 1992; Huet et al., 1994; Peng et al., 1998; Llave et al., 2002), of
different natural strains of the same virus species (Normand and Pirone,
1968; Baulcombe et al., 1993; Canto et al., 1995; Llave et al., 1999), or
of virus isolates that had or had not associated components that influ-
enced viral titers, such as satellite RNAs (Escriu et al., 2000). Only a few
studies have determined probabilities of transmission by the same in-
sect vector of a virus isolate that had significantly different viral titers
in the same host plant, for whatever the reason (De Bokx et al., 1978;
Banik and Zitter, 1990). Additional studies on the effect on transmission
of differences in viral titers were also been made using artificial
membrane feeding experiments and purified virion preparations
(Pirone and Megahed, 1966; Gera et al., 1979). Overall, in the majority
of the above-mentioned works lower virus titers resulted in reduced
transmission efficiencies, although correlations between titers and
transmission efficiencies were not always established and some dis-
crepancies were also observed. The mechanistic reason behind a link
between lower viral titers and lower transmission is not obvious, since
the number of virions involved in non-persistent aphid transmission
events appears to be very low. In the case of PVY, that number was
estimated at 0.5-3.2 particles/insect and transmission event in pepper
plants (Moury et al., 2007), which is extremely low when compared to
the number of particles that would be present in the intracellular sap
being probed by the insect (Martin et al., 1997; Powell, 2005). Binding
of virions plus the HCPro co-factor to putative receptors in the aphid
stylet might not become saturated in conditions of low viral titers,
despite an expected excess in molar amounts of viral particles in the sap
relative to receptor sites in the insect. Thus, although the process of
non-persistent viral transmission by insects is a likely product of virus-
insect-host co-evolution, and is based on specific molecular interactions
(Atreya et al., 1990, 1991; Ammar et al., 1994; Blanc et al., 1998; Peng
et al.,, 1998; Lépez-Moya et al., 1999; Uzest et al., 2007, 2010;
Fernandez-Calvino et al., 2010), it may not be very efficient.

In previous works we had found that an isolate of PVY decreased its
systemic titers in the compatible host N. benthamiana when plants were
kept under what we called climate change-associated (CC) conditions of
elevated temperature (30°C) and CO, levels [970 parts-per-million
(ppm)], relative to those found in plants kept under standard conditions
of 25°C and ~405ppm ambient CO,. This drop in viral titers was
permanent and lasted for the life-span of the plant (del Toro et al.,
2018). Here we have experimentally measured under controlled con-
ditions how these two altered abiotic parameters affected the prob-
abilities of viral transmission by aphids from infected plants kept under
those conditions, and how in our experimental patho-system titers and
transmission probabilities related to each other. With those data we
simulated the effect of titers under each ambient condition on infection
dispersal and its prevalence in the environment through time.
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2. Materials and methods
2.1. Plants and viruses

N. benthamiana plants were used in this study. Plants were seeded
and germinated under st conditions. After they were individually potted
they were transferred for growth to controlled growth chambers with a
photoperiod of 16/8 h (day/night) and a daylight intensity of ~2500
luxes. Plants were kept in either of two environment conditions, with
regard to temperature and CO, levels: standard (st) conditions of 25 °C
and current atmospheric CO, partial pressures (~405 ppm), and con-
ditions of elevated temperature (30 °C) and CO, partial pressures of
~970 ppm [climate change-associated (CC) conditions]. To achieve
these two conditions and made comparison as accurately as possible we
used two identical phytotrons (Environmental Test Chambers model
MLR-350, Sanyo Corp. Japan) that were both fitted by our Institute’s
Technical Service with prototype devices that accurately regulate am-
bient CO, levels in the chambers, using an internal CO, sensor
(Calitrans 300, Leyro Instruments, Spain) and a continuous CO, dis-
penser (model Leonardo. Arduino, Italy) from external CO, canisters.
Lighting was the same in both machines and temperatures were set
accordingly for either st or CC conditions.

An aphid-transmissible Scottish ordinary variety (O) isolate from
Potato virus Y (PVY) was used (Barker et al., 2009; genbank accession
number of the full-length sequence AJ585196). A single extract from
infected plant tissue was made in phosphate buffered saline, pH 6.8, at
10% (w/v), aliquoted and kept at —80 °C, and used as inoculum source
for all mechanical inoculations. 2-to-3-week old plantlets were dusted
with carborundum (Carlo Erba, Barcelona, Spain) and rubbed with
30yl of inoculum. In those experiments in which plants were to be
grown under CC conditions, plants were pre-acclimated to those con-
ditions for one week before inoculation with virus extract.

2.2. Aphids and aphid transmission assays

For aphid transmission assays a clonal population of females of the
peach aphid Myzus persicae (Sulzer) (Insecta: Hemiptera: Aphididae) was
used. This population has been indefinitely maintained by partheno-
genesis on tobacco plants (Nicotiana tabacum) in an insectary under st
conditions.

All transmission assays were performed in the laboratory under st
conditions. Systemically-infected leaves used as donors were fully ex-
panded upper leaves obtained from plants that had been inoculated 14
days before with virus extract and had been kept growing at either st or
CC conditions. Donor leaves were detached and washed gently with a
mild aqueous solution of 0.5% Tween® 20 (Sigma Aldrich, St. Louis,
USA) to remove any surface irritants to aphids. Leaves were placed
inside a glass container over wet filter paper with their abaxial side
upwards. Second and third instar aphid nymphs from the insectary
colony were collected with the help of a paint brush, deposited inside
small glass bottles, and left starving for 3 h. Aphids were then placed on
the donor leaves where they were allowed to feed for 15 min. With the
help of a paint brush aphids were then individually transferred to small
healthy N. benthamiana receptor plantlets. The number of aphids that
each plantlet received varied with each experiment as is also indicated
in the corresponding Figure legend: In the experiments shown in Fig. 1,
two independent replica experiments were performed, with 40 plants
used per replica, 10 plants were used for each of the recipient number
of aphids assessed (1, 2, 3 or 4 aphids/recipient plantlet). In total 80
plants and 200 aphids were used; In the experiment shown in Fig. 2
from each of the eight donor leaves aphids were transferred to 10
plantlets (4 aphids/recipient plantlet). In total, 80 plantlets and
4 X 80 = 320 aphids were used in the experiment; In the experiment
shown in Fig. 3 from each of the 16 donor leaves aphids were trans-
ferred to 10 plantlets (3 aphids/plantlet). In total 160 plantlets and
3 x 160 = 480 aphids were used. Every plantlet was individually
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Fig. 1. Frequencies of transmission of a potato virus Y (PVY) isolate by peach
aphids (Myzus persicae) that fed on donor leaves from infected Nicotiana ben-
thamiana plants that had been kept under standard (st) conditions of 25 °C and
current atmospheric levels of CO, (~405 parts-per-million), using different
numbers of aphids/recipient plantlets. Viral titers in donor leaves estimated by
RT-qPCR were 1.02 (standard deviation of 0.07) relative to the external control
(a pool of total RNAs from several infected leaves grown under standard con-
ditions, and the average level of PVY genomic RNA obtained by RT-qPCR from
that sample was given the arbitrary value of 1). Transmission frequencies
showed strong positive linear correlation with the number of aphids/recipient
plantlet (Pearson’s r = 0.965, P-value < 0.01). Dots represent averaged values
empirically obtained in two independent replica experiments, 40 plants were
used per replica, 10 plants/each of the receiving number of aphids assessed (1,
2, 3 or 4 aphids/recipient plantlet). In total 80 plants and 200 aphids were used.
This proportion is shown as percentage of infection in the chart.

covered with an inverted glass beaker to prevent aphids from moving
between plants. After the transfer of insects, receptor plantlets were
placed immediately in controlled growth chambers at either st or CC
conditions. Aphids were allowed to feed overnight on those plantlets
before being killed with insecticide the next day, as described (del Toro
et al., 2014). Detection of systemic PVY infection in receptor plants
grown under st conditions was performed visually after strong infection
symptoms become apparent at 9 days after the transmission assay. As
infection symptoms in systemically-infected plants grown under CC
conditions were very mild (del Toro et al., 2018), plantlets kept under
CC conditions were placed under st conditions 1 week after the trans-
mission experiment, to allow for the development of strong visual
symptoms of infection 5-7 days afterwards.

2.3. Quantification of viral titers in leaves used as donors in transmission
assays, and detection of systemic infection

Relative viral titers in each of the donor leaves used in the trans-
mission assays performed here were determined by one-step reverse
transcription plus real time quantitative polymerase chain reaction (RT-
qPCR) as described in del Toro et al. (2015). Total RNA was extracted
from three pooled discs of 1 cm diameter each of donor leaf tissue using
TRIzol reagent (Invitrogen, Carlsbad, USA) following manufacturer
instructions and contaminant DNA was removed by treatment with
TURBO DNA-free kit (Ambion, Austin, USA) as described (del Toro
et al., 2014). RT-qPCR was performed using a final reaction volume of
15l that contained 7.5pl of Brilliant III Ultra-Fast RT-qPCR Master
Mix (Agilent, Santa Clara, USA), 1.8 ul of RNase-free water, 0.75 pl of
reverse transcriptase (Agilent), 0.15pl of 100 mM dithiothreitol (Agi-
lent), 0.3 uM each primer, and 3 pl of total RNA extract (approximately
15ng RNA/ul). Relative quantification of PCR products was calculated
by the AACt method. The primers employed were PVY-Fw (5°-CTGTG
GGGACAAAGGGAGTA-3") and PVY-Rv (5-GGATGCTTGCGGATTTC
ATA-3") for PVY, and 18SrRNA-Fw (5-GCCCGTTGCTGCGATGATTC-
37) and 18SrRNA-Rv (5-GCTGCCTTCCTTGGATGTGG-3") for 18S rRNA
for normalization. RT-qPCR assays were performed in a Rotor-Gene Q
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thermal cycler (Qiagen. Venlo, Netherlands) using the following
thermal protocol: 50 °C for 10 min; 95 °C for 3 min; 40 cycles of 95 °C
for 10s and 60 °C for 20s; and a final ramp for melting analysis from
60 °C to 95 °C rising 1 °C every 5s. For the determination of virus titers
by RT-qPCR in Figs. 1 and 3, an external control sample was included
that consisted of a pool of total RNAs from several infected leaves
grown under standard conditions, and the average level of PVY
genomic RNA obtained by RT-qPCR from that sample was given the
arbitrary value of 1, and to which titers shown in the charts refer.

To determine the length of time that it took for a plant to become
systemically infected under st or CC conditions (Fig. 5A), plants were
inoculated mechanically on a single carborundum-dusted lower leaf
(fifth expanded leaf starting from the top) with 20 pl of PVY extract.
From each inoculated plant 1 cm discs of leaf tissue were collected daily
from upper expanding leaves. Leaf discs were extracted in 100 pl of
extraction buffer and viral presence was assessed by 15% SDS-PAGE
plus western blot as described (del Toro et al., 2018) using an antibody
against the viral coat protein (CP; Llave et al., 1999). The first leaf disc
that gave a positive detection of CP presence was considered as the first
day in which infection became systemic.

2.4. Determination of aphid transmission probabilities under st or CC
conditions, and simulation of their effect on the prevalence of infection
through time

Under our experimental conditions infection by PVY of recipient
plantlets through transmission by aphids showed a linear relationship
with the number of aphids involved in each transmission event when
donor leaves originated from plants kept under st conditions and re-
cipient plantlets were grown under st conditions, as shown in Fig. 1. To
estimate transmission probabilities, a model adjusted to a linear re-
gression was deduced as T,(x) = (asx + b)+R,, where T,(x) is the prob-
ability of PVY transmission by a variable number of aphids (x) within a
range of (0<T,(x) < 1), R, is a ratio of the relatively reduced capacity at
an environment condition relative to st condition (R, value is 1 in st
condition), and a and b are parameters of the linear equation in st
conditions.

A simulation on the dispersal of infection by aphids and on viral
prevalence under st or CC ambient conditions (Fig. 5B) was performed
using the Susceptible-Infected (SI) spread model, applying a demo-
graphic turnover (Keeling and Rohani, 2007). Briefly, assuming an in-
itial population of N individuals of N. benthamiana plants was homo-
genously distributed into eight age ranges, from one to eight weeks old.
In order to maintain a stable number of plants after the eighth week, N/
8 plants were removed (death) and substituted by a new set of N/8
plantlets (from seed) that were healthy because in our model we as-
sumed PVY infection is not transmitted vertically. Simulations were
performed for a period of time of 150 weeks. In the simulation infected
plants were assumed to distribute homogeneously throughout the dif-
ferent plant age ranges. Initial percentages of infected plants could be
modified, but for the chart shown in Fig. 5 that percentage was situated
at 50%. For a given number of aphids (x) reaching each plant, the
number of infected plants (I(x)) in a week (t) was calculated as the
number of plants that were infected I,; when they were a week
younger, plus the number of plants that were healthy when they were a
week younger H(x).; multiplied by the effective transmission prob-
abilities of those aphids (T,(x)) and by the global percentage of infected
plants (GI) in the previous week (t-1) divided by one hundred: I(x), = I
()1 + HOO)w1 Te (3)-GI(x).1/100, formula described also in Fig. 5B.

An interactive algorithm that allows the introduction of input
parameters different to those used to create the charts in Fig. 5B (such
as the initial percentages of infected plants) to determine their effect in
the simulation is provided as Supplemental material (Supplementary
Excel. File S1).
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Fig. 2. The transmission of a potato virus Y (PVY) isolate by the peach aphid Myzus persicae when insects fed on infected donor leaves of Nicotiana benthamiana plants
that had been kept either under standard (st) conditions of 25 °C and current atmospheric levels of CO, of ~405 parts-per-million (ppm), or under conditions of
elevated temperature and CO, levels [climate change-associated conditions (CC)] of 30 °C and 970 ppm of CO.. A., determination by RT-qPCR of viral titers in the
eight individual donor leaves (stl to st4, and ccl to cc4) when aphid transmission experiments were performed relative to the combined average of titers in the
individual st leaves (average value of 1). Dark and light gray bars in the left chart correspond to titers from each individual donor leaves originating from st- or CC-
kept plants, respectively. The right chart shows average viral titers for leaves from either condition. Differences in titers in leaves from plants kept under either
ambient condition were significant (Mann-Whitney U-test, P < 0.05). B., determination of the frequencies of transmission of PVY infection by aphids that fed on the
eight, st-kept or CC-kept donor leaves whose titers are indicated in A. From each donor leaf aphids were transferred to 10 plantlets (4 aphids/recipient plantlet). In
total 80 plantlets and 4 x 80 = 320 aphids were used in the experiment. The whole experiment was performed in the same day to minimize differences in aphid
behaviour. The left chart shows the percentage of plants that became infected from each individual donor leaf. The right chart shows average percentages of infected

plants.

2.5. Statistical analysis

All statistical analyses in this work were carried out with SPSS
Statistics (IBM, Armonk, NY, USA). Transmission efficiencies were
analyzed using Fisher's exact tests at an alpha (o) level of 0.05 when
two groups were compared. Bonferroni a level correction was applied
(corrected a = 0.05/number of compared pairs) when more than two
groups were compared. Tests applied to analyze viral titers in the donor
leaves used in transmission assays were either Student's t-tests, or
Mann-Whitney U tests, depending on the normality of data. A
Spearman’s correlation test was used to test whether there was corre-
lation between the number of aphids used in transmission events and
the number of plants that became infected. Analysis of the time that it
took for virus infections to become systemic from the initial point of
inoculation under different environment conditions (Fig. 5A) were
performed using Mann-Whitney U-tests and with students T-test with
Welch correction, depending on whether data followed Gaussian dis-
tribution or not.

3. Results

3.1. Observed frequencies of transmission of infection relative to the number
of aphids used, and determination of the probability that an individual aphid
transmits it under st conditions

We determined the relationship between the number of potentially
viruliferous aphids that landed on healthy recipient plants after feeding
on a PVY-infected donor leaf from a plant maintained under st condi-
tions and the number of recipient plants that became infected. To do
that, a transmission assay with two experimental replicates was per-
formed (Fig. 1): aphids were allowed to feed on a single PVY-infected
donor leaf and were then transferred to healthy recipient plants, de-
positing from 1 to 4 aphids on each plant. Recipient plants were kept
afterwards under st conditions. The proportion of them that became
infected increased with the number of aphids that they received
(Fig. 1). Transmission frequencies (defined as the percentage of plants
that became infected after receiving aphids that have fed previously on
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infected plants) showed strong positive linear correlation with the
number of aphids used (Pearson’s r = 0.965, P-value < 0.01).

3.2. Observed transmission frequencies when infected donor plants had been
kept under either st or CC conditions

In our experimental pathosystem, we studied how aphid transmis-
sion frequencies compared when infected donor plants had been grown
under CC conditions, relative to st conditions. To test this we compared

(caption on next page)

transmission frequencies when infected donor leaves originated from
plants grown under either st or CC conditions. We also quantified re-
lative viral titers in each of the individual donor leaves used by RT-
qPCR, and they were significantly lower in CC leaves than in st leaves
(~80% lower; p < 0.05, Mann-Whitney U-test; Fig. 2A, shown in the
charts as bars in light and dark shades of gray, respectively). Trans-
mission experiments from each of those infected leaves were performed
using four aphids per recipient plantlet, and showed that transmission
frequencies were significantly lower when aphids fed on CC donor
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Fig. 3. The transmission of a potato virus Y (PVY) isolate by the peach aphid Myzus persicae when insects fed on infected donor leaves of Nicotiana benthamiana plants
that had been kept either under standard (st) conditions of 25 °C and current atmospheric levels of CO, of ~405 parts-per-million (ppm), or under conditions of
elevated temperature and CO, levels [climate change-associated conditions (CC)] of 30 °C and 970 ppm of CO.. A., determination by RT-qPCR of viral titers in the
eight individual donor leaves (st1 to st4, and ccl to cc4) when aphid transmission experiments were performed (14 days post-inoculation) relative to the external
control (value of 1). Dark and light gray bars in the left chart correspond to titers from each individual donor leaves originating from st- or CC-kept plants,
respectively. The right chart shows average viral titers for leaves from either condition. Differences in viral titers in leaves from plants kept under either ambient
condition were highly significant (Student's t-test, P < 0.05). B., determination of the frequencies of transmission of PVY infection by aphids that fed either on st-
kept or CC-kept donor leaves shown in A, and of the effect of growing the recipient plants after the experiment under either st or CC conditions. From each of the
donor leaves aphids were transferred to 10 plantlets (3 aphids/plantlet). In total 160 plantlets and 3 x 160 = 480 aphids were used in the experiment. The whole
experiment was performed in the same day with the same aphid batch to minimize differences in aphid behaviour. The left chart shows the percentage of infected
plants that would grow under st conditions (dark gray) or under CC conditions (light gray). The right chart shows the average percentage of infected plants using
recipient plantlets under st (dark gray) or cc conditions (light gray) and their standard deviation bars. Transmission percentages were significantly lower when donor
leaves had been from CC-kept than st-kept plants. The environment condition in which recipient plants would grow after the experiment had no significant effect on
transmission of infection. Different characters in chart indicate significant differences (Fisher’s exact test, P < 0.05). C., transmission frequencies in recipient plants
showed positive linear correlation with the titers of virus measured in donor leaves under each recipient ambient scenario, or for both combined (P < 0.05 in the

three cases. Spearman’s correlation test).

leaves than on st donor leaves (~80% lower; Fisher’s exact test,
P < 0.05; Fig. 2B). Although observed drops in transmission percen-
tages and in viral titers were similar a linear correlation between
transmission frequencies and virus titers in donor leaves could not be
established in this particular experiment.

3.3. Determination of the probabilities of transmission of infection by aphids
from donor to recipient plants kept under either st or CC conditions

In a replica experiment, we tested additionally whether the ambient
conditions in which recipient plantlets would be kept after the trans-
mission experiment (st or CC conditions) would affect transmission
frequencies. As before, we used donor leaves that originated from plants
grown under st as well as under CC conditions (Fig. 3; st- or CC-kept
donor leaves or recipient plantlets are indicated in the charts with dark
or light shades of gray, respectively). We measured viral titers in each
of the donor leaves used, and found that they were significantly lower
in the four donor leaves from plants kept under CC conditions than in
those originating from plants kept under st conditions (Fig. 3A, dark vs.
light bars, respectively). We also found that transmission frequencies
decreased significantly when donor leaves originated from CC-kept
plants, relative to those observed from st-kept plants. However, there
were no significant differences in transmission frequencies when re-
cipient plants were allowed to grow under either st or CC conditions
after the transmission events (Fig. 3B). The frequency of transmission
from st donor leaves was 52.5% (42 infected plants over a total of 80)
using 3 aphids/recipient plantlet, which is similar to the one obtained
in the experiment shown in Fig. 1 (55%), while that from CC donor
leaves was 6.3%. Transmission probabilities from CC donor leaves were
thus 0.1132 times (R,) those measured under st conditions (0.53/0.06).
Transmission frequencies showed linear correlation with the titers of
virus measured in donor leaves regardless of the conditions in which
recipient plantlets would grow (Fig. 3C).

3.4. The effect on the simulated prevalence of infection of the differences in
transmission from donor plants grown under st or CC conditions

With the data from Figs. 1 and 3 we could calculate transmission
probabilities from either st or CC donor leaves for different numbers of
aphids probing on recipient plantlets (Fig. 4A). Those probabilities of
transmission of infection adjust to a model T, (x) = (asx + b)+R,, where
the value of R, is in st conditions 1 and in CC conditions 0.1132. Esti-
mated values of the parameters a and b were 0.178 and 0.082, re-
spectively (df = 1, 3, F = 41.26, P = 0.0077, r> = 0.93). The value of
T, (x) is 0 when the number of aphids is 0 and it increases up to 1 as the
number of aphid increase. Under st conditions it reaches 1 when the
number of aphids is 5 or over, while it continues to increase in CC
conditions (Fig. 4A). From this formula it was also deduced that under
st conditions that probability for a single aphid to transmit infection

after feeding on an infected plant is 0.260 (26%), while under CC
conditions that probability was only 0.029 (2.9%).

The estimated number of transmission events required to infect a
recipient plantlet were very different for each environmental condition,
st and CC. While four events of one aphid reaching and probing a re-
cipient plantlet after having fed on an infected donor leaf kept under st
conditions would suffice to infect it (assigned value 1), if aphids fed on
infected plants that had been kept under CC conditions the number of
events would have to increase to 34 (Fig. 4B)

To simulate the dynamics of prevalence of infection through time
under both ambient scenarios using our results on transmission prob-
abilities we first determined experimentally the lengths of time that it
took for an infection to become systemic from the initial point of me-
chanical inoculation in plants of the same age. We found that they did
not differ significantly under st or CC conditions (Fig. 5A). We thus
assumed in our model that the length of time that it took for a plant to
become systemically infected after successful inoculation by vir-
uliferous aphids was the same under either condition, throughout any
plant age. We assumed that there was no spatial restriction to the visit
of aphids between plants, and that the behaviour and capability to
transmit the virus was similar in aphids that lived under either st or CC
conditions. We also assumed that the probability of virus transmission
by an aphid that had been feeding from a PVY-infected donor leaf of a
plant kept under st conditions was 0.260; and that the same probability
from a plant kept under CC conditions was 0.1132 times lower. The
probabilities of virus transmission when more than one aphid reached a
recipient plant were calculated according to Fig. 4A.

We then simulated the probability that a Nicotiana benthamiana
plant in a population of 100 healthy plants would become infected over
its lifetime of around eight weeks (55 days) when it received a variable
number of aphid visits (1 —40)/day, which had previously fed on an
outside infected source under st or CC conditions (upper and lower
charts, respectively), assuming that each arriving aphid would probe
the recipient plantlet once (Fig. 5B).

Our simulation showed that under st conditions PVY disappeared
from the environment when there was on average only one aphid visit
or less to each plant in a week (Fig. 5B, left chart), but even that event
would occur only after week 110. However, it was enough to increase to
two the number aphid visits that reach each a plant/week to allow viral
infection to reach an endemic equilibrium that would be maintained in
time. It was inferred that the visit of 1.10 aphids per plant and week
was sufficient to maintain PVY in the simulated environment. With
more frequent aphid visits, the percentage of infected plants in the
equilibrium stage became higher, until the population reached the
maximum possible percentage of infection (85.36% of infected plants in
our simulation because of how the population turnover is defined). To
get to this maximum it was necessary that the effective transmission
efficiency achieved the value of one, something that in the simulation
happened when around 4 aphids (3.847) visited each plant per week.
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Fig. 4. Determination of the relative proportions of transmission under st or CC
conditions. A., the observed proportion of non-persistent transmission of in-
fection by a given number (x) of aphids that fed on donor leaves from Nicotiana
benthamiana plants infected by a potato virus Y (PVY) isolate that had been kept
under standard (st) conditions of 25 °C and current atmospheric levels of CO, of
~405 parts-per-million [T(x)s], or under conditions of elevate temperature and
CO,, levels [climate change-associated conditions (CC)] of 30 °C and 970 ppm of
CO5 [T(X)ccl, relative to the number of aphids that reached and probed on each
recipient plantlet. The probability that an aphid transmits infection in a single
probing of a recipient plantlet after having fed from leaves of plants that had
been kept under either st or CC conditions was 0,26 (26%) or 0.029 (2.9%),
respectively. B., rounded-up estimate of the average number of events (first-
time probings by aphids on recipient plantlets after having fed from leaves of
infected plants kept under st or under CC conditions) that would be required to
infect that plantlet, relative to the number of aphids that reached each recipient
plantlet.

On the other hand, simulation of PVY dispersal and prevalence in time
under CC conditions show that the virus disappeared from the en-
vironment when less than 10 aphids (9.881) visited each plant in a
week (Fig. 5B, right chart). Only with values equal to or greater than 10
visiting aphids/plant/week infection became endemic, although with
percentages of infection much lower than under st conditions. To reach
the maximum possible of infected plants, the number of aphid visits/
plant/week would have to be 34 (34.483), which is almost nine-times
higher than required under st conditions. These results on prevalence
are affected to an extent by the proportion of infected plants present at
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the start of the simulation (in Fig. 5B that proportion is 50%). An in-
teractive model, in which different parameters used as input in the si-
mulation could be modified, is provided as Supplementary Excel. File
S1.

4. Discussion

In previous works we had studied how two environment abiotic
parameters, temperature and CO, levels, influenced compatible infec-
tions of N. benthamiana plants by several RNA viruses. We had found
significant decreases in the systemic titers of a PVY isolate when plants
were kept under conditions of elevated temperature (30 °C), relative to
plants kept under st conditions (del Toro et al., 2014). Those decreases
were further exacerbated if plants were kept also simultaneously under
elevated CO, levels (CC conditions; del Toro et al., 2017). Low viral
titers were accompanied by much attenuated symptoms.

We wanted to investigate how viral dispersal by aphids would be
affected by CC conditions in our patho-system PVY/N. benthamiana
relative to st conditions. We determined experimentally the prob-
abilities that our M. persicae biotype insects would transmit a PVY
isolate between plants kept under the two different environments and
investigated their relation with viral titers in donor leaves. We found
strong positive correlation between titers and transmission probabilities
(Figs. 1-4), in agreement to early observations relating titers and
transmission of PVY in tobacco (De Bokx et al., 1978). Our results
suggest that titers could be determinant in the differences in trans-
mission probabilities observed from infected plants grown under st or
CC environments.

It should be stressed that the results obtained under these specific
controlled environments apply to our pathosystem, and that in other
plant-virus-vector systems outcomes might be very different. It should
also be acknowledged that the environment parameters studied here
could influence transmission probabilities in additional ways, such as
by altering the attractiveness or deterrence that plants exert on aphids
(i.e., through color, leaf surface properties, plant volatile emissions, sap
properties that could affect aphid behaviour: Fereres et al., 1999; Hodge
and Powell, 2008; Dusi and Peters, 1999), or the behaviour of popu-
lations of insect vectors: it is known that elevated temperatures can
have detrimental effects on the longevity and fecundity of adult females
(Chiu et al., 2012), and that heat waves of around 30 °C can be harmful
to aphid populations (Gillespie et al., 2002; Jeffs and Leather, 2014).
Elevated ambient CO, levels also affect different parameters associated
with the infestation of plants by aphids, including relative growth rate,
colony growth rate, fecundity, development time, feeding efficiency,
aphid colonization, susceptibility of host plant cultivars to aphids, in-
teractions between aphids and plant endophytes, as well escape beha-
viour from aphid predators (Hughes and Bazzaz, 2001; Ryalls et al.,
2015).

On the other hand, probabilities of transmission could also be in-
fluenced by physiological effects of environment conditions on re-
cipient plants: it was recently reported that transmission of a CMV
strain by M. persicae between pepper plants suffered a two-fold reduc-
tion when recipient plants had been pre-acclimated to elevated CO,
levels before the transmission event when compared to non-pre-accli-
mated plantlets, exposed to elevated CO, levels only after the trans-
mission event (Dader et al., 2016). This suggests that in addition to
changes in aphid feeding behaviour pre-exposure of plants to elevated
CO,, levels could reduce transmission probabilities even further through
physiological alterations in the recipient plants (Dader et al., 2016).
However, in our experimental system we found no evidence of an effect
of CC conditions on the abilities of recipient plants to become infected
(Fig. 3).

With our data on transmission probabilities by individual insects we
simulated the prevalence through time of infection by our PVY isolate
on a homogeneous population of N. benthamiana plants under either
environment scenario (Fig. 5). Most compatible plant viral infections
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Simulation of the prevalence of PVY infection through time
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Fig. 5. Horizontal between-plants dispersal of PVY infection in Nicotiana benthamiana plants kept under either standard (st) conditions of 25 °C and ~404 parts-per-
million (ppm) of ambient CO, levels, or under conditions of elevate temperature and CO, levels [climate change-associated conditions (CC)] of 30 °C and 970 ppm of
CO,, Simulation of the prevalence through time (in weeks) of infection in a population of plants with an arbitrary starting percentage of infection of 50%, under
either st or CC conditions, left and right charts, respectively. Charts plot the percentage of infected plants (vertical axis) against time in weeks (x-axis), considering
that a defined number of aphids visit and probe each plant in a week (y-axis). The simulation indicates that the visit of just over one aphid (1.104)/plant and week is
sufficient to maintain PVY infection endemic under st conditions (left chart). By contrast, 10 (9.881) aphid visits/plant/week would be required under CC conditions
(right chart). Under both environmental conditions, percentages of infected plants in the equilibrium stage rise with more aphid visits until they reach the maximum
of infected plants (85.36% in our model), something that happens when around 4 or 34 aphids visited each plant/week, under st or CC conditions, respectively.
Below the charts appears the formula used to obtain the simulated number of plants infected in each given week.

Table 1

Determination of the time that it takes for a plant to become systemically in-
fected from the initial point of inoculation, under either standard (st) or climate
change-associated (CC) conditions. No significant differences were observed.

st CC
Plant 1 6 5
Plant 2 5 6
Plant 3 6 6
Plant 4 6 NI
Plant 5 6 4
Plant 6 5 4
Plant 7 5 NI
Plant 8 6 6
Plant 9 5 6
No. of infected plants 9 7
Days to systemic infection 5.55 5.28

NI: not infected.
P > 0.05 (Mann-Whitney U test). No significant differences.

could be appropriately described by the SI (susceptible-infectious)
model. In this model, the host plant that receives a viruliferous vector
and is successfully infected becomes itself a source of infection for
feeding vectors shortly after inoculation, differences in latency intervals
are small and can be ignored, and plants remain infectious until death
(Keeling and Rohani, 2007). In our simulation we assumed that plants
homogeneously distributed in eight age groups and the number of new
seedlings compensated for the number deaths leaving the population
stable. (Table 1)

For simplicity, our analysis assumed: 1-that latency, or the length of

time that it took a plant of any age to become systemically infected after
successful inoculation by a viruliferous aphid, and thus to become itself
a source for infection was the same under st or CC conditions; 2-that the
abilities of aphids to feed and become viruliferous were the same under
st or CC conditions, and that only or mainly virus titers in donor leaves
affected their estimated probabilities to transmit the virus.

With regard to the 1st assumption, we experimentally measured the
time that it took for same-age N. benthamiana plants to become infected
systemically with PVY from an initial point of mechanical inoculation
under st or CC conditions, and found that there were no significant
differences (5.55 vs 5.28 days, respectively. Mann Whitney U-test
p > 0.05; Fig. 5A). Thus, interestingly in our system CC conditions
though affecting the levels of systemic virus and the symptoms induced,
did not slow the long-distance movement of the virus. In other systems
such as when the potyvirus beet mosaic virus infects sugar beet plants
or in infections by PVY of potatoes, elevated temperatures affected the
length of the latency period before plants became systemically infected
(Dusi and Peters, 1999; Choi et al., 2017, respectively).

With regard to the 2nd assumption, in our transmission experiments
we used donor leaves and recipient plantlets grown under different
environment conditions, but transmission events were performed under
st conditions. However, a recent work that used the same clonal po-
pulation of M. persicae as the one used in this work and also N. ben-
thamiana plants reported differences in transmission probabilities by
aphids that fed under different temperatures (Chung et al., 2016). That
work tested the potyvirus potato virus A (PVA) and a Korean strain of
PVY that was different to ours and found that probabilities by in-
dividual aphids to transmit PVA or the korean isolate of PVY decreased
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both significantly ~60% when they fed at 30 °C relative to when they
fed at 25 °C (Chung et al., 2016). However, the insect colony was reared
under st conditions and insects were thus not adapted to 30 °C. We did
not incorporate those results into our simulation, but if we had extra-
polated them into our system, transmission probabilities under CC
conditions would have been (0.029 x 0.4 = 0.0116), having a further
negative impact on the simulated prevalence of infection under CC
conditions.

An interactive algorithm where inputs can be modified in the si-
mulation is provided in Supplemental material S1. In the simulation
with an initial 50% of infected plants we found that under st conditions
PVY infection remained in the population even when the number of
visiting aphids that visit each plant per week was as low as 2. However,
under CC conditions the number of aphid visits/plant/week would have
increase several-fold for the prevalence of infection to remain com-
parable to that simulated under st conditions (Fig. 5B).

In conclusion, we have shown that in our experimental patho-
system conditions of elevated ambient temperature and CO- levels
decreased probabilities of transmission of viral infection by aphids and
this also correlated with reduced viral titers in the donor leaves.
Reduced transmission was detrimental to the simulated prevalence of
infection in the environment. As mentioned, work by others suggests
that those probabilities of transmission could decrease even further
under CC conditions because of additional effects on insect feeding
behaviour (Chung et al., 2016). Unless other factors compensate for
those losses, or selective pressure on the variability of the isolate in-
creases its transmissibility/titers, our data suggest that extended warm
episodes and permanent elevated levels of CO, associated to climate
change could challenge the prevalence of infections by some popula-
tions of non-persistently transmitted potyviruses.
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