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Abstract

Aphids are the most proli ¢ vectors of plant viruses resulting in signi cant yield losses to crops worldwide. Potato
virus Y (PVY) is transmitted in a non-persistent manner by 65 species of aphids. With the increasing acreage of hemp
(Cannabis sativa L.) (Rosales: Cannabaceae) in the United States, we were interested to know if the cannabis aphid
(Phorodon cannabis Passerini) (Hemiptera: Aphididae) is a potential vector of PVY. Here, we conduct transmission
assays and utilize the electrical penetration graph (EPG) technique to determine whether cannabis aphids can
transmit PVY to hemp (host) and potato (non-host) (Solanum tuberosum L.) (Solanales: Solanaceace). We show
for the rst time that the cannabis aphid is an ef cient vector of PVY to both hemp (96% transmission rate) and
potato (91%) using cohorts of aphids. In contrast, individual aphids transmitted the virus more ef ciently to hemp
(63%) compared to potato (19%). During the initial 15 min of EPG recordings, aphids demonstrated lower number
and time spent performing intracellular punctures on potato compared to hemp, which may in part explain low
virus transmission to potato using individual aphids. During the entire 8-hour recording, viruliferous aphids spent
less time ingesting phloem compared to non-viruliferous aphids on hemp. This reduced host acceptance could
potentially cause viruliferous aphids to disperse thereby increasing virus transmission. Overall, our study shows
that cannabis aphid is an ef cient vector of PVY, and that virus infection and host plant suitability affect feeding
behaviors of the cannabis aphid in ways which may increase virus transmission.
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Aphids are herbivorous insects that are the most common vectors of
plant viruses resulting in economic losses to crops globally (Ng and
Falk 2006, Blackman and Eastop 2008). Vector-borne plant viruses
are known to affect both the behavior and performance of insect
vectors either directly by manipulating vector physiology (Ingwell
et al. 2012) or indirectly by manipulating host plant physiology
(Mauck et al. 2010, Eigenbrode et al. 2018, Nachappa et al. 2020).
Changes in insect vector behavior and performance are thought to
provide an advantage for virus dissemination and/or persistence
within vector communities. Factors such as the mode of transmis-
sion can also in uence virus effects on vector behavior (Mauck et al.
2012). Non-persistent viruses are acquired and released relatively
quickly (seconds to minutes) from the vector. These viruses affect

vector feeding at plant epidermal layers of plants, the sites of where
non-persistent virus acquisition, and inoculation occur (Carmo-
Sousa et al. 2014). In contrast, persistent viruses, which take longer
to acquire (minutes to hours) from the phloem and stay with the
vector for its entire lifespan, have been shown to affect vector feed-
ing within phloem sieve elements (Moreno-Delafuente et al. 2013).
These contrasting effects are thought to be strategies developed by
viruses through coevolution with vectors and host plants (Mauck
et al. 2018, Chesnais et al. 2019).

Most aphids are highly host-speci c, i.e., they reproduce on only
one or a few species or genera of plants (Blackman and Eastop 2008).
However, this does not hinder their ability to settle and probe non-
host plants during host plant selection and, in this process, aphids
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can vector non-persistent viruses to their non-host plants (Edwards
1963). Aphids often display different feeding behaviors when feed-
ing on non-host plants, and these differences can have implica-
tions for virus transmission. For instance, Rhopalosiphum padi (L.)
(Hemiptera: Aphididae), which does not host on potato (Solanum
tuberosum L.) (Solanales: Solanaceace), spent a less amount of time
probing and transmitted potato virus Y (PVY) less ef ciently to po-
tato compared to Myzus persicae (Sulzer) (Hemiptera: Aphididae)
(Pelletier et al. 2008). Moreover, viruses can affect feeding be-
haviors of aphids on non-host plants. Sitobion avenae (Fabricius)
(Hemiptera: Aphididae), which also does not host on potato, per-
formed more intracellular punctures on PVY-infected potato plants
compared to non-infected potato plants (Boquel et al. 2011). Hence,
it is important to understand a vector s ability to transmit virus to
both host and non-host plants as the non-host plants may serve as
virus reservoirs which can lead to a higher probability of virus inci-
dence in crop plants.

Potato virus Y (genus Potyvirus, family Potyviridae) is one of the
most economically damaging pathogens of potatoes in the United
States and worldwide (Karasev and Gray 2013). In 2021, approxi-
mately 943,000 acres of potatoes were planted in the United States,
with ldaho and Washington as the states with the highest acreage
(National Agricultural Statistics Service 2021). Symptoms of PVY
infection in potato can include leaf chlorosis, crinkling, and tuber
necrosis, and vary depending on the virus strain, potato variety, en-
vironmental conditions, and whether the infection was tuber-borne
or transmitted by aphids (Karasev and Gray 2013). Potatoes are at
a very high risk for PVY infection and major yield reduction re-
sulting from infection. For example, in 2014 it was estimated that
yield losses to PVY were roughly $34 million per year in the state
of Idaho alone (Mclntosh 2014). Other solanaceous crops (i.e., to-
bacco, peppers, tomatoes, eggplants) also have a high risk of infec-
tion and can experience serious yield loss (Karasev and Gray 2013).
The virus is transmitted in a non-persistent manner (seconds to min-
utes) by approximately 65 different aphid species (Pelletier et al.
2012). The potato-colonizing green peach aphid is widely considered
as the most ef cient vector, however, non-colonizing aphid species
(those that probe but do not host on potato) can be important for
PVY prevalence within a landscape (Steinger et al. 2015, Mondal
et al. 2016, Galimberti et al. 2020). In addition to reducing initial
inoculum through the planting of non-infected seed potatoes, con-
trolling aphid vector populations can be an effective management
strategy (Ragsdale et al. 2001). While insecticides are effective in
controlling the vectors it seems to have a low impact on the spread of
PVY because of the short time needed to transmit the non-persistent
virus. Moreover, insecticides have the potential to increase non-per-
sistent virus infections in a eld due to encouraged vector movement
and short transmission time (Boquel et al. 2013).

The recent legalization of industrial hemp (Cannabis sativa
L.) (Rosales: Cannabaceae) in the United States has introduced
a new crop into the agricultural landscape. In the United States,
hemp is legally de ned as C. sativa plants with less than 0.3% 9-
tetrahydrocannabinol (THC) on a dry weight basis. According to
the U.S. Hemp Crop Report, in 2020 there were 336,655 acres
licensed to grow hemp in 34 states (Vote Hemp 2021). Colorado
is the leading state in production of the crop with 36,225 licensed
acres in 2020. Hemp production is expected to keep increasing
as more growers enter the lucrative market. There are numerous
arthropod pests and diseases that affect hemp (McPartland 2000).
Indeed, cannabis plants can be infected with PVY via mechanical
inoculation, and light green mosaic symptoms have been recorded
(Kegler and Spaar 1997).

The cannabis aphid, Phorodon cannabis Passerini was re-
cently discovered colonizing hemp in North America in 2016
(Cranshaw et al. 2018). It has become one of the most abun-
dant piercing-sucking insects found on hemp in the United States
(Cranshaw et al. 2019). Indeed, P. cannabis was among the dom-
inant aphid species collected from pan traps near potato elds in
Colorado (W.J. Pitt, unpublished data). The cannabis aphid is a
known vector of alfalfa mosaic virus and cucumber mosaic virus
(Schmidt and Karl 1970). There are published reports ascertaining
that P. cannabis can transmit hemp mottle virus (Schmidt and
Karl 1970, McPartland et al. 2000), hemp streak virus (Goidanich
1955), and hemp mosaic virus and hemp leaf chlorosis virus
(Ceapoiu 1958). However, the existence of these viruses is not
clear, and none are recognized by the International Committee on
Taxonomy of Viruses (Walker et al. 2019). Additionally, it is not
known whether the cannabis aphid can transmit PVY.

In the current study, we were motivated to accomplish two spe-
ci ¢ goals: 1) determine PVY transmission ef ciency of cannabis
aphid to hemp and potato and 2) determine effects of virus infec-
tion and host plant suitability on cannabis aphid feeding behaviors.
To accomplish these goals, we conducted transmission assays and
utilized the electrical penetration graph (EPG) technique. Electrical
penetration graph analysis is a commonly used technique to study
feeding behaviors of insects with piercing and sucking mouthparts
(Tjallingi 1988). Therefore, it can be used to study the basis of plant
virus acquisition and transmission and host plant selection by in-
sects and the way in which insects can feed from the phloem of the
plant. We hypothesized that 1) the cannabis aphid will successfully
transmit PVY to hemp and potato with differing transmission ef -
ciencies and 2) virus infection of aphids and host plant suitability
will affect feeding behaviors in ways which in uence transmission.
Knowledge of vector transmission ef ciencies and feeding behaviors
will provide valuable insights into the patterns of vector movement
and virus spread within landscapes.

Materials and Methods

Plants, Insects, and Virus

Hemp seeds (variety: Elite) were obtained under material transfer
agreement from New West Genetics, Fort Collins, CO. Potatoes
(variety: CO07015-4RU) with no known resistance to PVY were
obtained from the San Luis Valley Research Center in Center, CO.
Prior to use in the experiments, the potato plants were tested for
presence of PVY and they were PVY-free. Plants for all experiments
and for cannabis aphid colonies were grown at Colorado State
University s Plant Growth Facilities in a greenhouse at a daytime
temperature of 21 — 1 C and a nighttime temperature of 16 — 1 C
under a photoperiod of 16:8 (L:D) h at ambient relative humidity. All
plants were fertilized with Osmocote (Scotts Company, Marysville,
OH) 15-9-12 N:P:K ratio time-released fertilizer as per label instruc-
tions and watered ad libitum. Two to three-week-old hemp plants
(with three to four fully-expanded leaves/leaf nodes) and potato
plants (with four to eight fully-expanded leaves/leaf nodes), grown
in circular one gallon plastic pots (16 16 17.5cm), were used for
all experiments.

Cannabis aphids were obtained from hemp plants at an indoor
hemp facility in Loveland, CO. Insects were reared and maintained
on Elite variety hemp plants under the greenhouse environmental
conditions described above. Hemp plants for cannabis aphid col-
onies were infested with aphids after approximately 4 6 wk ( ve
to ten leaf nodes) and were grown in a 45.7 45.7 76.2 cm cage
(BioQuip Products Inc., Rancho Dominguez, CA).
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The PVY inoculum was originally obtained from PVYN™ potato

plant from a farm in the state of New York. The virus was maintained
via mechanical inoculation on Nicotiana tabacum under greenhouse
conditions. Nicotiana is the most widely used experimental host in
plant virus research mainly because of the large number of diverse
plant viruses that can successfully infect it (Goodin et al. 2008). For
mechanical inoculation, approximately one to two PVYN™ infected
tobacco leaves were ground in 0.01 M potassium phosphate buffer
at a 1:10 tissue weight to buffer volume ratio and 0.5 1 teaspoon of
320 grit silicon carbide powder was stirred into the solution. Cotton
swabs were dipped in the solution and gently rubbed on young
leaves (nodes one to two) to mechanically inoculate tobacco plants
to serve as a virus source for all experiments. Virus presence in to-
bacco tissue was con rmed using an ImmunoStrip for Potato virus Y
(PVY) (Agdia, Elkhart, IN), and leaves with observable veinal chlor-
osis were selected for use in experiments.

Population Growth Experiments on Potato

Although the cannabis aphid is only reported to host on cannabis
(Blackman and Eastop 2008), we conducted population growth
experiments to con rm that potato is a non-host for cannabis
aphids. Ten two- to three-week-old potato plants (four to eight
leaf nodes) were placed individually in separate cages. A single
one- to seven-day old female parthenogenetic apterous adult
aphid was placed on the adaxial leaf surface of plants with one
to three leaf nodes using a paint brush. The aphids were con ned
to the leaf using a clip cage (36.5 25.4 9.5 mm) (BioQuip
Products Inc). The adult aphid was given 24 76 h to reproduce
and was then manually removed from the plant, where any re-
sulting offspring remained within the clip cage. Numbers of indi-
viduals, longevity, and time to maturity were recorded every 24 h.
In total, 10 replicates were performed at two different time points
(two biological replicates). A single two- to three-week-old hemp
plant (three to leaf four nodes) was used as a control for all popu-
lation growth assays.

Transmission Assays
Assays were conducted in mesh Bug Dorm cages 60 60 120 cm
(MegaView, Taiwan). A random mix of all life stages of aphids were
used for transmission assays, as nymphs and adults both potentially
can transmit the virus (Cunningham and Schulz 1963). Aphids were
starved for 2 h and then placed on PVYNTN infected tobacco plant,
using a paint brush, for an acquisition access period (AAP) of 30 min.
Groups of twenty aphids were moved using a paint brush onto the
adaxial leaf surface of hemp plant (one to two leaf node) and potato
(one to three leaf node) and allowed to feed for an inoculation access
period (IAP) of 24 h. Following the IAP, aphids were removed using a
paint brush and plants were sprayed once with Final Stop Vegetable
Garden Insect Killer insecticide (Dr. Earth, Winters, CA) to achieve
a thorough coverage of all leaf and stem surfaces, as per label in-
structions. Plants were then maintained for 2 wk, and approximately
50 mg of leaf tissue was collected from nodes three to four for hemp
(n = 22), and nodes one to three for potato (n = 22), at 14 15 days
post inoculation (dpi). Tissue was collected in 2 ml Eppendorf tubes,
ash frozen in liquid nitrogen, and stored in a freezer at 80 C until
analysis. Additionally, 10 apterous adult female aphids were col-
lected and stored individually in 2 ml Eppendorf tubes immediately
after the initial AAP of 30 min and placed in a 80 C freezer until
they were tested for the presence of PVY by RT-PCR (described in
detail within section Detection of PVY in Aphids and Plants Using
Reverse Transcriptase PCR [RT-PCR] ).

Electrical Penetration Graph (EPG) Analysis

Cannabis aphid feeding behaviors on hemp and potato were
monitored using the electrical penetration graph technique (EPG)
(Tjallingii 1978, 1988), on a GIGA 8 complete system (EPG Systems,
Wageningen, Netherlands) (Tjallingii and Esch 1993). Aphids were
starved for 1 2 h prior to recording. Using silver glue, aphids were
tethered to a 1.5 2 cm long piece of 18 m diameter gold wire,
which was connected to a copper wire, brass pin, and insect elec-
trode which was linked to the GIGA 8 machine. A plant electrode
connected to the GIGA 8 was placed into the soil of each of the eight
potted plants, which were all housed inside of a Faraday cage. Wired
aphids were placed on the adaxial leaf surface of nodes one to three
for hemp or potato, and feeding behaviors were recorded for 8 h
during daytime in a room with ambient sunlight and a temperature
of 21 — 1 C. Four treatments were performed: viruliferous aphid
on hemp; viruliferous aphid on potato; non-viruliferous aphid on
hemp; non-viruliferous aphid on potato. For the viruliferous aphid
on hemp and potato treatments, aphids were placed on PVYN™ in-
fected tobacco tissue for 30 min after the starvation period, immedi-
ately prior to recording. Seven to 14 days after recording, all plants
were tested for virus presence by RT-PCR (described in detail below)
to con rm that the aphid had successfully acquired and transmitted
the virus. This information was used to quantify transmission ef -
ciency of individual aphids to hemp and potato. Plants associated
with aphids that did not probe during the 8 h recording period were
discarded. Only EPG recordings in which the plants tested posi-
tive were used for analysis (con rming that the aphid transmitted
PVY and was viruliferous). EPG waveforms were analyzed using
Stylet+ software (EPG Systems, Wageningen, Netherlands) to de-
termine the amount of time aphids spent in the four main feeding
phases: non-probing phase (NP); pathway phase (PP); sieve-element
phase (SEP); and xylem phase (XP). The excel workbook developed
by Sarria et al. (2009) was used to calculate parameters of EPG
data. Data were analyzed for three-time intervals for aphids which
probed; the initial 15 min and 30 min of recording (short-term feed-
ing behaviors) and the entire 8 h recording period (long-term feed-
ing behaviors). The initial 15 min and 30 min were chosen because
these time intervals have been shown to be relevant for non-persis-
tent virus manipulations on aphid feeding behavior (Carmo-Sousa
et al. 2014). The entire 8 h recording period was chosen as this is
a typical amount of time analyzed in EPG experiments with aphids
(Nalam et al. 2018), and effects of PVY on aphid feeding behavior
can occur within this time of feeding (Boquel et al. 2011a, 2012).
Twelve parameters related to pathway phase (C) and intracellular
punctures (pd) were analyzed for the initial 15 min and 30 min of
recording. The sub-phases of 1I-1, 11-2, and 1I-3 contained within a
pd are when non-persistent virus inoculation and acquisition occur
and were analyzed for the rst 15 min and 30 min. Twenty-three
parameters related to non-probing (np), C, pd, stylet dif culties (F),
phloem salivation (E1), phloem ingestion (E2), and xylem ingestion
(G) were analyzed for the entire 8 h of data.

Detection of PVY in Aphids and Plants Using

Reverse Transcriptase PCR (RT-PCR)

Total RNA was extracted from ~50 mg of leaf tissue from hemp and
potato, and from <5 mg tissue from 10 individual aphids. Two stain-
less steel beads (3.97 mm) were placed into 2 ml microcentrifuge
tubes containing leaf tissue samples, and tissue was disrupted for
1 3 min at a frequency of 30 Hz with the TissueLyser Il (Qiagen,
Germanton, MD). The same tissue disruption protocol was used for
aphid tissue, except that ~250 L of silica beads (800 m) were used.
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Total RNA was extracted from leaf tissue using the Quick RNA
Miniprep Kit (Zymo Research, Irvine, CA) or a non-kit method from
Yockteng et al. (2013). Total RNA was also extracted from individual
aphids using the RNeasy Micro Kit (Qiagen, Germanton, MD).
After extraction, RNA was checked for quality and quantity using a
Nanodrop ND 100 (Thermo Scienti c, Pittsburgh, PA). Two micro-
grams of RNA from aphid and leaf tissues were used as a template for
cDNA synthesis using the rst strand cDNA synthesis kit (GoldBio
St. Louis, MO, USA). The cDNA was tested for PVY with RT-PCR
using universal PVY primers ATACTCGRGCAACTCAATCACA
CCATCCATCATAACCCAAACTC (Du et al. 2006) and the fol-
lowing cycling conditions: 2 min incubation at 95 C, followed by
35 cycles of 30 s denaturation at 95 C, 30 s annealing at 58 C, and
1 min extension at 72 C,and a nal 10 min incubation at 72 C. The
PCR product of 166 bp was sequenced (Genewiz, NJ) and compared
with PVY sequences deposited in GenBank.

Statistical Analysis

For transmission assays (with cohorts of 20 mixed life stages of
aphids) and EPG assays (with individual adult aphids), the infection
status of hemp or potato plants was treated as a binomial response
(positive or negative) and analyzed using 2 test for association. In
EPG assays with potato, there was low virus transmission by can-
nabis aphids; hence there were only 2 replicates for 15- and 30-mi-
nute time intervals and 3 replicates for the 8 h time interval for
PVY-positive potato. The sample size is different between short-term
and long-term time intervals due to an aphid that did not probe
until after 30 min had passed (i.e., EPG data were analyzed only for
aphids which probed).

In EPG assays, there were different sample sizes for the number
of plants that tested positive for PVY versus the number of EPG re-
cordings for viruliferous aphids (Hemp: n = 25 PVY infected hemp
plants, n = 22 viruliferous aphid EPG recordings; Potato: n =5 in-
fected potato plants, n = 3 viruliferous aphid EPG recordings). The
reason for the discrepancy is because we tested plants for virus in-
fection even if: 1) viruliferous aphid became disconnected from the
gold wire; 2) some channels had waveforms that were not discern-
ible (too much noise or not enough gain); 3) waveforms were out
of range for a long period of time. EPG data were not normally
distributed, so comparisons were made between treatments using the
non-parametric Mann Whitney U test to determine differences be-
tween means displaying a P-value 0.05. All statistical analyses were
conducted using R software (version 4.0.2) and the stats package
(R Core Team 2020). Figures were constructed using the packages
ggplot2 , ggsignif , and ggpattern (Wickham 2011, FC and Davis
2020, Ahlmann-Eltze and Patil 2021).

Results

PVY Transmission to Hemp (Host) and Potato (Non-
host)

Cannabis aphids were not able to develop or reproduce on potato
(Supp Table 1 [online only]), suggesting that potato is a non-host
for the cannabis aphid. Hence, for the rest of the article we describe
hemp as a host and potato as non-host.

Cannabis aphids were tested for their ability to transmit PVY
using cohort transmission assays (20 aphids of mixed life stage per
plant) and individual assays (one individual adult aphid per plant).
Cannabis aphids had a 70% (7/10) virus acquisition rate from PVY-
infected tobacco, which was used as the virus source for all experi-
ments. In cohort transmission assay experiments, 95.5% (21/22) of

hemp plants and 90.9% (20/22) of potato plants tested positive for
PVY. No signi cant difference was found in PVY infection between
the two host plants ( 2 = 0.36, P = 0.55). In individual experiments,
25 out of 40 hemp plants (62.5%) and 5 out of 26 potato plants
(19.2%) tested positive for PVY after feeding by viruliferous aphids.
A signi cantly higher proportion of hemp plants tested positive for
PVY compared to potato plants ( 2= 11.90, P < 0.001).

Cannabis Aphid Feeding Behavior Waveforms

The EPG technique was used to determine cannabis aphid feeding
behaviors related to virus transmission on the host (hemp) and non-
host (potato) and were the rst known depictions of feeding behav-
iors for the cannabis aphid. Examples of recorded EPG waveforms
on hemp are shown in Fig. 1. Cannabis aphids displayed the typical
EPG waveforms observed from aphids, which include non-prob-
ing (np), stylet pathway (C), potential drop (pd), stylet dif cul-
ties (F), xylem ingestion (G), phloem salivation (E1), and phloem
ingestion (E2).

Short-term Feeding Behaviors in Hemp and Potato
(Initial 15 and 30 min)

Virus Effects

When feeding on hemp, viruliferous aphids probed fewer times than
non-viruliferous aphids (U = 257, P = 0.04) (Table 1). There were
no other signi cant differences in parameters related to virus acqui-
sition and transmission between viruliferous and non-viruliferous
aphids on hemp during the initial 15 min of recording (Table 1).
No comparisons were made between viruliferous and non-virulif-
erous aphids feeding on potato because of the small sample size of
viruliferous aphids. Data of waveforms from the initial 30 min of
recording were also analyzed which showed that viruliferous aphids
took more than twice the amount of time to probe from the start of
the EPG compared to non-viruliferous aphids (U = 140, P = 0.04)
(Supp Table 2 [online only]).

Host/Non-host Effects

During the initial 15 min of recording, non-viruliferous aphids on
potato had a lower number of intracellular punctures (potential
drops, pd) compared to non-viruliferous aphids on hemp (U = 306.5,
P =0.01) (Fig. 2a). Non-viruliferous aphids feeding on potato spent
a less total amount of time in pd compared to non-viruliferous
aphids on hemp (U = 279.5, P < 0.001) (Fig. 2b). The mean duration
of pd was shorter for aphids on potato compared to aphids on hemp
during the initial 15 min of recording (U = 225, P = 0.047) (Fig. 2c).
Non-viruliferous aphids on potato spent a less total amount of time
in pd subphases 11-1 (virus inoculation behavior), 11-2, and 11-3 (virus
acquisition behavior), compared to aphids on hemp (U = 271, P <
0.001; U = 288, P < 0.001; and U = 277, P < 0.001, respectively)
(Table 1). There were no signi cant differences in any other selected
behaviors during the initial 15 min of recording between non-virulif-
erous aphids feeding on hemp and potato.

Long-term Feeding Behaviors in Hemp and Potato
(Entire 8 h)

Virus Effects

Over the 8 h of recording on hemp, viruliferous aphids spent signi -
cantly greater time non-probing (np) compared to non-viruliferous
aphids (U = 149, P = 0.02, Fig. 3a). On hemp, viruliferous aphids
spent more time in ingesting xylem (G) (U = 78, P = 0.04, Fig. 3d); in
contrast, viruliferous aphids spent less time ingesting phloem (E2)
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Fig. 1. (a) Overview of waveforms observed from Phorodon cannabis feeding on hemp. (b) Examples of waveform types representing the feeding behaviors
of non-probing (np), (c) pathway phase (C), (d) stylet dif culties (F), (e) potential drop (pd), (f) xylem ingestion (G), (g) phloem salivation (E1), and (h) phloem
ingestion (E2). All waveforms pictured from an individual non-viruliferous P. cannabis feeding on hemp, displayed as voltage over time (seconds).

compared to non-viruliferous aphids (U = 212, P = 0.02, Fig. 3f).
Total duration spent in stylet pathway (C), stylet dif culties (F),
and phloem salivation (E1) were not signi cantly different between
treatments (Fig. 3b, ¢, and e).

There were no signi cant differences in feeding behaviors asso-
ciated with virus transmission, i.e., intracellular punctures, between
viruliferous and non-viruliferous aphids on hemp over the 8-hour
recording period (Table 2). However, viruliferous aphids spent sig-
ni cantly less time probing compared to non-viruliferous aphids on
hemp (U = 357, P = 0.02) (Table 2). Viruliferous aphids spent a sig-
ni cantly smaller percentage of probing time ingesting phloem (E2)
compared to non-viruliferous aphids on hemp (U = 340, P = 0.048)
(Table 2). Viruliferous aphids displayed a lower number of sustained
phloem ingestion (E2) events compared to non-viruliferous aphids
on hemp (U = 346, P = 0.03) (Table 2). We did not compare feeding
behaviors between viruliferous and non-viruliferous aphids on po-
tato because of the small sample size of viruliferous aphids.

Host/Non-host Effects

There were many differences between feeding behaviors of non-virulif-
erous aphids on hemp and potato during the 8-hour recording period.
Non-viruliferous aphids feeding on potato showed a lower number
of pd and average number of pd per probe compared to aphids on
hemp during the 8-hour recording period (U =329,P =0.02; U =324,

P =0.02, respectively) (Fig. 4aand b). The rst probe wassigni cantly
longer for aphids on potato compared to hemp (U = 126, P = 0.01)
(Fig. 4c). Aphids feeding on potato showed a greater number of
stylet dif culties (F) and greater total time spent non-probing (np)
compared to aphids on hemp (U = 106.5, P = 0.002; and U = 1186,
P = 0.005, respectively) (Fig. 4d and e). On potato, aphids spent
less time feeding from the phloem (E) compared to aphids on hemp
(U =57, P =0.001) (Fig. 4f). All the other selected parameters for
phloem related behaviors for non-viruliferous aphids feeding on po-
tato were signi cantly lower than non-viruliferous aphids on hemp,
with the exception of percent contribution of E1 to the phloem
phase, which was signi cantly greater for aphids on potato (Table 2).

Discussion

Here, we demonstrated that the cannabis aphid (P. cannabis) is an
ef cient vector of PVY to hemp, its natural host and potato, a non-
host. This is the rst known report of the cannabis aphid as a vector
of PVY and is the rst known recording and annotation of EPG
waveforms produced by the cannabis aphid (Fig. 1). We found that
cannabis aphid feeding behaviors were altered on host versus non-
host plants which presumably affected PVY transmission. Further,
our data suggest that PVY altered feeding behaviors of aphids on
host plants in ways that facilitate virus spread.
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