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Introduction

Plants are under constant attack from a range of organisms, both
above- and belowground (War ez al, 2012). These ecological
interactions are significant for ecosystem structure with both
predator—prey (top-down) and producer—consumer (bottom-up)
interactions often chemically mediated (Raguso er al, 2015).
This mediation takes the form of small molecule metabolism,
which controls information transfer between organisms, both
aboveground and in soils (Bouwmeester ¢t al., 2019). Identifica-
tion and quantification of volatile chemical cues that drive multi-
trophic interactions associated with plants is necessary for better
understanding of ecosystem dynamics, and for sustainable pest
control strategies (Pickett & Khan, 2016).

Plant viruses are among the most devastating of natural plant
antagonists, particularly in agricultural systems in which they
are one of the most significant threats to crop production
(Jones & Naidu, 2019). An important step in reducing viral
impacts on food security is to obtain a better understanding of

Summary

e Plant-derived volatiles mediate interactions among plants, pathogenic viruses, and viral vec-
tors. These volatile-dependent mechanisms have not been previously demonstrated below-
ground, despite their likely significant role in soil ecology and agricultural pest impacts. We
investigated how the plant virus, tobacco rattle virus (TRV), attracts soil nematode vectors to
infected plants.

¢ We infected Nicotiana benthamiana with TRV and compared root growth relative to that
of uninfected plants. We tested whether TRV-infected N. benthamiana was more attractive
to nematodes 7 d post infection and identified a compound critical to attraction. We also
infected N. benthamiana with mutated TRV strains to identify virus genes involved in vector
nematode attraction.

e Virus titre and associated impacts on root morphology were greatest 7 d post infection.
Tobacco rattle virus infection enhanced 2-ethyl-1-hexanol production. Nematode chemotaxis
and 2-ethyl-1-hexanol production correlated strongly with viral load. Uninfected plants were
more attractive to nematodes after the addition of 2-ethyl-1-hexanol than were untreated
plants. Mutation of TRV RNA2-encoded genes reduced the production of 2-ethyl-1-hexanol
and nematode attraction.

e For the first time, this demonstrates that virus-driven alterations in root volatile emissions
lead to increased chemotaxis of the virus's nematode vector, a finding with implications for
sustainable management of both nematodes and viral pathogens in agricultural systems.

chemical signals that underpin viral transmission; viruses rely
on attracting their vectors to infected plants, and this attraction
is commonly through plant-derived volatile signals (Mauck
et al., 2010; McMenemy et al., 2012) although in aboveground
interactions other, visual signals can also be important. In
aboveground plant virus—vector interactions, viruses are known
to maximise their fitness by manipulating both host—plant sig-
nals and vector behaviour to make infected plants more attrac-
tive to vector organisms than uninfected plants (Mauck &
Chesnais, 2020). This enhanced attraction is caused by changes
in the total amount and/or relative concentrations of the blend
of volatiles emitted by infected, aboveground plant tissues
(Eigenbrode er al., 2018). Crucial cues for host selection by
vectors can result from viral modifications of infected plant
emissions (Fereres et al., 2016).

While plant-mediated processes underpinning increased
attraction of insect vectors to infected plants aboveground have
been well-characterised (Shapiro er al, 2012), litte is known
about chemical cues mediated by viruses that are transmitted by
non-insect, belowground vectors. This is a significant knowledge
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gap, particularly in the case of soil nematodes, which play a
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critical role in soil function and ecosystem processes (Bardgett &
van der Putten, 2014). Nematodes are diverse and abundant; one
of the largest phyla in the animal kingdom and occupying diverse
environments across the globe with plant-pathogenic and
bacterial-feeding nematode species functionally dominant in soils
(van den Hoogen ez al., 2019). Nematodes are critical in driving
soil functional behaviour, impacting soil food webs, soil carbon
cycling, plant nutrient uptake, plant community dynamics and
aboveground biodiversity (Bezemer er al, 2005; De Wang
et al., 2019), but despite these essential roles, studies on soil
nematode interactions and behaviour remain under-represented
(Lazarova et al., 2021).

Plant-pathogenic nematodes are devastating agricultural pests
(Chitwood, 2003). Trichodorid nematodes (Fig. 1) are ectopara-
sitic (all life stages exterior to the plant host), pathogenic root-
feeding nematodes of which some species act as the vector for the
tobraviruses, TRV, pea early-browning virus (PEBV) and pepper
ringspot virus (PepRSV; Taylor & Brown, 1997; MacFar-
lane, 1999). Tobacco rattle virus, a commercially important
pathogen of cultivated potato (Solanum tuberosum), reduces crop
quality and causes it to be unmarketable (Otulak er al, 2012;
Sahi et al., 2016; Fig. 1). Trichodorid feeding on infected plant
roots, and then on uninfected host roots, is the known mechan-
ism by which TRV is transmitted within crops. However, to date,
details of the physical and chemical interactions between nema-
todes and virus-infected plants remain opaque.

Over 400 plant species are known to be susceptible to TRV
infection (MacFarlane, 2008). In common with other plant virus
infections (Nibau ez al., 2008), nematode-mediated plant infec-
tion by TRV leads to fitness consequences for the plant with
altered root morphology and root structure architecture (Taylor
& Brown, 1997). Direct damage through trichodorid feeding
typically results in shortening and thickening of plant roots
(Christie & Perry, 1951) with a concomitant overall reduction in
root development (Boutsika ¢z al, 2004). For several plant-
parasitic nematode taxa, this is coupled with modified plant
nutrient and water uptake, leading to stunted growth, leaf chloro-
sis, and wilted foliage (Decraemer, 1995; Jones et 4/, 2010) and
in potato, reduced yields, and tuber necrosis (Beuch ez 4/, 2014).
Trichodorid transmission of TRV is achieved through physical
binding of virus particles to the stylet, a hollow feeding tube that
the nematode uses to penetrate root cells; it is a complex biologi-
cal process underpinned by specific virus serotype-nematode
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species combinations (Ploeg ez al., 1992). Non-specific transmis-
sion of TRV by non-trichodorid nematodes does not occur.

Nematodes, including trichodorids, orientate themselves
towards host plants using chemical cues, aggregating at the elon-
gation zone of growing roots (Taylor & Brown, 1997), possibly
in response to root exudates. Root metabolites are known to
attract nematodes towards roots (Sikder & Vestergdrd, 2020),
but those nematode species so far shown to be affected by these
signals are exclusively endoparasites that have a period of their life
cycle located within the plant host. For example, a recent study
demonstrated that benzoxazinoids, soluble secondary metabolites
found in the root exudates of many cereal crops, differentially
affected the abundance of endoparasitic root-associated nematode
taxa in maize (Sikder et al., 2021). Nematodes are also attracted
to a range of volatile compounds which, while only forming «.
1% of all root-released exudates (Venturi & Keel, 2016), easily
diffuse through gas- and water-filled pores and therefore have a
wider range in soils than water-soluble, non-gaseous exudates
(Rasmann ez al., 2012; Schulz-Bohm ez al., 2018). Long-range
volatile attractants of trichodorids remain unidentified, and the
role of these chemical cues in attracting key vectors to virus-
infected plants has not been tested.

The TRV genome is composed of two single-stranded,
positive-sense RNAs, encapsidated separately in rod-shaped parti-
cles of different lengths (MacFarlane er 4/, 1999; Fig. 2). Early
work on TRV identified two different types of infection: non-
multiplying (NM) and multiplying (M; Harrison & Robin-
son, 1978). Non-multiplying infections occur when only RNA1
is present, do not produce virus particles and are non-
transmissible by trichodorids. Nevertheless, RNA-1 encodes all
the virus proteins necessary for replication and movement in the
plant. M-type infections carry both RNA1 and RNA2, and as
RNA2 encodes the coat protein (CP) such infections produce
virus particles. In some TRV isolates, RNA2 encodes the non-
structural proteins, 2b and 2c. 2b has been demonstrated to be
involved in transmission of TRV by trichodorid nematodes
(Herndndez ez al., 1997; Vassilakos e al., 2001). The 2c¢ gene
was not required for transmission of TRV but was involved in
the transmission of another tobravirus, PEBV (MacFarlane
et al., 1996).

This knowledge, and the recent development of systems to
manipulate and modify the TRV genome in pre-determined
ways, makes it possible to use the TRV-tobacco-trichodorid

Fig. 1 Effect of tobacco rattle virus (TRV) on
potato tubers, showing necrotic rings common of
spraing disease/corky ringspot and a trichodorid
nematode, vector of TRV (images by R. Neilson).
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Fig.2 Genome organisation of tobacco rattle | = = — T [ex] avat e ot
virus (TRV) isolate PpK20 showing the locations of —
the 2b and 2¢ mutations in RNA2. Protein I cp l I 2b/40K l I 2¢/33K I RNA2 3855 nt
functions (where known) are noted; MT, A
methyltransferase; HEL, RNA helicase; RDRP, BstEl
RNA-dependent RNA polymerase; MP, move- [ MT HEL RORP T we e ] rnaiezot nt
ment protein; CP, coat protein. ABstEll and TRV A2c
ANgoMIV show the locations of the 2b and 2¢ [ 1 [ 2ok | [2033 |  mna238ss nt
gene frameshift mutations introduced separately
into RNA2 during this work. NgoMIV

nematode pathosystem as a model system with which to investi-
gate the belowground chemical and biological interactions
between the virus and its nematode vector.

In this study, we hypothesized that:
(1) Viral infection impacts root growth, morphology and the
release of volatiles from infected roots, and that these changes
would correlate with the level (titre) of virus infection;
(2) Trichodorids will be more attracted to virus-infected plants,
and the greater attraction will be driven by infection-induced
changes in the quantity and composition of the plant volatile sig-
nature; and
(3) Loss of function in TRV RNA2 genes through mutation
would impact the observed changes in plant roots and root vola-
tiles in response to virus infection and hence alter the response of
trichodorids to infected plants.

Materials and Methods

TRV clones and mutant design

Tobacco rattle virus of isolate PpK20 was used in this study and
was derived from a set of wild-type (wt) and mutated cDNA
clones inserted in binary plasmids that were transformed into
Agrobacterium tumefaciens (Smith & Townsend) Conn strain
GV3101. pTRV1, an infectious clone of TRV PpK20 RNAI,
was described by Liu er a/. (2002). The wt clone of TRV PpK20
RNA2 (p1466) was constructed by replacing the RNAI sequence
from pTRV1 with the complete TRV RNA2 sequence from the
infectious transcript clone of Mueller ez al. (1997) (pT72K20).
Two frameshift mutations were created separately in the 2b gene
and in the 2c gene carried on pT72K20. The entire TRV RNA2
from these mutants was amplified by PCR and cloned using the
NEBuilder HiFi Assembly kit (New England Biolabs, Ipswich,
MA, USA) into the small, low copy number binary vector
pDIVA (Laufer ez al., 2018). The 2b gene frameshift was created
by the digestion of pT7K20 with BstEIl, followed by blunting
using Klenow polymerase and relegation, resulting in the inser-
tion of an additional five nucleotides (nt). The 2¢ gene frameshift
was created by digestion of pT7K20 with NgoMIV, followed by
blunting using Klenow polymerase and relegation, resulting in
the insertion of an additional 4 nt. Both mutations interrupt
translation of the frameshifted gene and are expected to abolish

© 2024 The Authors
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gene function. Clone p1795 carries TRV RNA2 with the 2b gene
mutation, which is denoted as A2b. Clone p1796 carries TRV
RNA2 with the 2¢ gene mutation, which is denoted as A2c.

Plant growth and infection

Nicotiana benthamiana Domin seeds were sterilised by exposure
to 100% ethanol (2 min), followed by centrifugation (5 g-force
for 2 min) to remove ethanol and addition of 50% commercial
bleach solution. The bleach and seed solution were left for
15min then centrifuged (5 gforce for 2min), the bleach
removed, and the seeds rinsed five times with dH,O. Seeds were
germinated on moist filter paper at 20°C, then transferred to
trays of 90 : 10 mix of autoclaved sand : John Innes #2 compost.
Seedlings were watered with % strength modified Hoagland’s
nutrient solution until two true leaves had expanded. Thereafter,
the plants were potted in different media, depending on the
experiment.

Plants for root architecture and volatile collection assays were
planted in 1-1 pots of washed and autoclaved sand while plants
for trichodorid preference tests were directly planted into 50-ml
olfactometer pots containing washed and autoclaved sand that
was kept at 20% moisture by volume until the start of the trials.
Pots were not handled during the trials to avoid disturbance.

To infect the N. benthamiana plants with TRV, agrobacterium
cultures carrying the TRV RNAI and TRV RNA2 (wt and
mutant) clones were grown overnight at 28°C, the cells were col-
lected by centrifugation and resuspended at an ODggg of 0.1 in
infiltration buffer containing acetosyringone (Ratcliff er al,
2001). Equal volumes of TRV RNAI1 and TRV RNA2 (wt or
mutant) were combined and infiltrated using a needle-less syringe
into the apoplast below the lower epidermis of three randomly
selected leaves of each plant at the six true-leaf growth stage. Con-
trol plants were infiltrated with a suspension of agrobacterium
not transformed with any of the virus binary plasmids.

Plants were thereby infected with one of three different treat-
ments (Fig. 2) as soon as six true leaves were present (between 10
and 14 d postgermination):

(1) TRV Wild-type’ plants infected with TRV RNA1 and wt
TRV RNA2.

(2) “TRV A2b’ plants infected with TRV RNAI and mutant
TRV RNA2 incorporating a silenced 2b gene.

New Phytologist (2024) 241: 2275-2286
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(3) “TRV A2¢ plants infected with TRV RNA1 and mutant
TRV RNA?2 incorporating a silenced 2c gene.

Control plants (‘uninfected’) were inoculated with untrans-
formed Agrobacterium. Infection solutions were prepared by
making overnight stocks of each culture from frozen glycerol
stocks and preparing infiltration cultures of mixed RNA-1/RNA-
2 or untransformed Agrobacterium. Once mixed, 0.5 ml of the
combined infiltration medium were inoculated onto the apoplast
of each leaf using a needle-less syringe (Senthil-Kumar &
Mysore, 2014). Three leaves, selected at random, were inoculated
per plant.

Successful plant infection was confirmed with end-point RT-
PCR assays on leaf and root tissue from infiltrated plants using
RNA1-(16K gene)-specific and RNA2 (PPK20 CP gene)-specific
primers developed by Boutsika ez 4/ (2004). Quantification
(gRT-PCR) of viral infection used RNA1-specific primers 2353
(TACCAAGGGAATGTGTTCTA) and 2354 (CTCGGAAC
TCCAGCTATC), which amplify a 91-bp fragment of the viral
replicase gene and was normalised against two N. benthamiana

reference genes (APR and EFla; Liu ez al., 2012).

Growth and root morphology

One hundred N. benthamiana plants were potted into 1-1
sand-filled pots to establish root morphological effects arising
from TRV infection. Nicotiana clevelandii or N. benthamiana
are often used as a virus source and transmission bait plants, as
these species are highly susceptible to virus infection. Nicotiana
benthamiana was used in this instance because it is very suscep-
tible to TRV, becoming systemically infected very quickly
(MacFarlane & Neilson, 2009). Plants were fed with 250 ml %
strength Hoaglands twice weekly and watered with dH,O
daily. To quantify the full TRV infection time course, plants
were sampled at 4, 7, 14, 21, and 28 d post infection (dpi).
Five plants per treatment (Uninfected, TRV wt, TRV A2b,
and TRV A2c¢) were harvested at each time point by carefully
rinsing away the supporting sand. Plants were weighed, and
root architecture parameters (root and shoot fresh weight, total
root length, total root surface area, total root volume, number
of tps, and degree of root branching, i.e. tip number divided
by total root length) were measured by scanning carefully
spread root systems within a thin layer of water on a transpar-
ent tray. Once roots were scanned, they were dried at 60°C
until constant weight (change < 0.01 mg dy_l). Scanned
images were analysed using the WINRHIZO software (Regent
Instruments, Quebec City, QC, Canada) using a skeletonisa-
tion method (Himmelbauer, 2004).

Root VOC sampling

Twenty N. benthamiana plants were grown in 1-1 sand-filled pots
and watered twice weekly with a % strength Hoagland’s solution
regimen to quantify root volatile impacts arising from TRV
infection. Plants were either uninfected or infected with TRV wrt,

TRV A2b, or TRV A2c. Root volatile samples were collected,
during the period of maximum infection, at 7 dpi.
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Plants (7 dpi) were placed in a sampling chamber that isolated
the plant roots in a sealed space (Supporting Information
Fig. S1) from the rest of the plant. A %" stainless steel line from
the isolated airspace (I, Fig. S1) was connected to an Ascarite trap
(III, Fig. S1) which connected to a 500-ml sampling canister (IV,
Fig. S1). Ascarite traps were used a maximum of four times
before replacement. A 1/8” diameter hole at the back of the
chamber allowed ambient air to replace the air taken at each sam-
ple (V, Fig. S1), avoiding depressurisation of the plant roots in
the chamber but diluting the measured volatile outputs slightly.
Between samples, the valve (II, Fig. S1) connecting to the Ascar-
ite trap was closed to prevent ambient air flow into the chamber.
Fitted silicon discs sealed with high vacuum silicon grease (Dow
Corning GMBH, Wiesbaden, Germany) separated aboveground
and belowground plant components.

Our reported plant volatile flux (grams of compound per min-
ute) is calculated from the change in headspace volatile concen-
tration (as described in Eqn 1) divided by dry root weight.

_ CHr60—CHro

Flux (g min_l) p—
60— to

Eqn 1

Here, CHr is the mass of the compound of interest in the sam-
pling chamber at time points 0 and 60 min, while t represents the
time of sampling in minutes. To obtain these values, volatile sam-
ples were taken within 1 min (time=0), providing a baseline
sample of background air, and at 60 min (time = 60). This
approach automatically identifies and removes background con-
taminants from consideration, since they will not change in
concentration over the course of the sampling procedure unless
they are metabolised by the roots within the sampling apparatus.
Volatiles were collected in pre-evacuated (< 0.02 mbar) stain-
less steel electropolished canisters (LabCommerce Inc., San Jose,
CA, USA), stored at 20°C and analysed within 2-wk after sam-
pling (Low ez al., 2003). Samples were directly transferred from
the canisters onto a liquid nitrogen condensation trap via pres-
sure differential (trap pressure < 0.02 mbar; Redeker ez al,
2018), then re-volatilised in a 100°C water bath and transferred
to an Agilent 6890 gas chromatograph-mass spectrometer (GC:
MS) using a DB-5 column (30 m X 0.32ID X 5 pm; Agilent,
Santa Clara, CA, USA). Samples were run using a scanning
method (which quantified fragment masses between 50 and 200
atomic mass units) with an initial oven temperature of 30°C,
held for 5 min, first ramp of 4°C min~" to 250°C (no hold) and
a second ramp and bake-out of 40°C min~" to 325°C with a 5-
min final hold (total runtime of 66 min). The mass range was
chosen to avoid carbon dioxide and water contamination (base-
line elevation leading to sensitivity reduction) while maximising
sensitivity for lower mass volatiles, which more rapidly diffuse in
soils. Compounds with masses > 200 amu were detectable/iden-
tifiable due to compound fragmentation at the source but were
not produced in substantial quantities or, in the specific case of
B-caryophyllene, not produced by the plants at all (Fig. S2). p-
caryophyllene has been identified as an important signalling
compound in entomopathogenic nematode ecology (Turlings
et al, 2012) and was therefore injected directly using serial

© 2024 The Authors
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dilution of known standards to confirm retention time and sys-
tem sensitivity.

Compounds for which control plants and virus-infected plants
had statistically similar responses (ANOVA, P> 0.05) were
deemed either to be common biogenic metabolites, chamber-
generated volatiles, or stress response volatiles common to
infected and uninfected plants (Fig. S2). These compounds were
neither identified nor quantified. The remaining compound of
interest, that is the compound expressed in virus infected but not
control plants, was tentatively identified using standard NIST
library spectra comparison, and identity confirmed with injections
of purchased standards (Sigma-Aldrich; Fig. S2). Quantification
of compound concentration (to parts-per-trillion-by-volume, or
pptv) was performed using serial dilution standards from pur-
chased, neat standards (as described in Issitt ez al., 2022), with a
detection limit of ¢. 8 pptv. Compound concentration was trans-
formed to chamber headspace amount (grams of compound;
Eqn 1) by multiplying pptv concentration by the molar amount
of air in the headspace and dividing by one trillion.

Trichodorid preference

Trichodorid preference testing was carried out in purpose-built
olfactometers, constructed of cut 50-ml plastic tubes and PTFE
tubing (Fig. 3). Two PTFE ‘arms’, which consisted of two sec-
tions: a 50 mm section connected to the central pot and leading
towards the outer pots was blocked at its outer end by a 2 um
mesh (TWP Inc., Berkeley, CA, USA) and a 30 mm portion of
PTFE completed the connection to the outer pots. Each olfact-
ometer had two outer pots with a plant in each, allowing two dif-
ferent treatments to be compared. Treatments (left or right pot)
were randomly allocated for each replicate pair in each treatment.
Olfactometers and the PTFE arms were filled with dH,O washed
and autoclaved sand that was kept at 20% moisture by volume
until the start of the assay. Nematode communities including tri-
chodorids were extracted from a 200g subsample (Wiesel
et al., 2015) from agricultural soil using a modified Baermann
funnel extraction method (Brown & Boag, 1988). After c. 48 h,
extracted nematodes were collected in 20 ml of water and left to
settle for ¢. 2h and excess water decanted. Trichodorids were
identified using morphological features under a low-powered

Release point of
trichodorids

Fig. 3 Design of olfactometers. Trichodorids moving towards uninfected
or tobacco rattle virus (TRV)-infected plants; nematodes were collected
from the arms of the olfactometer leading to plants from those treatments
and are prevented from escaping from the arms by a 2 pm mesh.

© 2024 The Authors

New Phytologist © 2024 New Phytologist Foundation
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microscope and individually hand-picked from the extracted
nematode communities into distilled water in 2-ml Eppendorf
tubes and stored at 4°C until required. Trichodorids were added
to the central pot when the plants in the flanking pots had
reached 7-d postinfiltration with the agrobacterium (+/— TRV)
suspension(s). The clear plastic pots were wrapped in aluminium
foil to exclude light, with the foliage of the plants remaining
uncovered, and the experiment was kept at 23-24°C throughout
the experiment. Four replicate sets of 50 trichodorids were used,
and each experiment was carried out twice, apart from the TRV
wt vs uninfected preference test, which was carried out three
times.

To test trichodorid response to 2-ethyl-1-hexanol, an amended
olfactometer design was used, with a glass capillary present in
each planted, outer pot. The capillary allowed liquid 2-ethyl-1-
hexanol to be added to the root system of one of the plants where
it would equilibrate between vapour and liquid phases, diffusing
via the gaseous phase of the sand matrix into the tubes connecting
to the central pot where the trichodorids were initially placed.
Release of 2-ethyl-hexanol from N. benthamiana plants at 7-d
postvirus infection was calculated, based on chamber headspace,
root volatile emissions and average root mass at 7 d, to be 31—
67 pg per plant over 48 h. Doses of 2-ethyl-1-hexanol were calcu-
lated so that over the run, 200X this estimate was added to each
pot over the course of the 2-d experiment, allowing for acceler-
ated losses from both capillary and sandy soil surface and the
potential for reduced sensitivity due to chiral-specific nematode
response. We thereby increased the likelihood of nematode
response and analytical detection. A total of 160 pl of 2-ethyl-1-
hexanol standard (Sigma-Aldrich, 833 kg m™>) was added. To
the 2-ethyl-1-hexanol treated plant, 16 pl of standard were added
via the capillary at 0, 4, 24 and 28 h; with 48 pl added at 8 and
32h. Trichodorid olfactometer response experiments tested
whether wt-infected plants were more attractive to nematodes
than uninfected control plants, and relative responses of
nematodes to uninfected plants and those infected with the least-
productive mutant (A2b, both with and without 2-ethyl-1-
hexanol addition) to wt infection.

At the conclusion of each experiment, the tubing ‘arms’ lead-
ing away from the central pot towards the flanking pots with
plants were collected. The mesh placed at the end of these tubes
adjacent to the outer pots prevented the nematodes from moving
into the plant pots and enabled them to be collected as described
above and counted.

Statistical analysis

Data from two or three repeats of the trichodorid olfactometer
experiments were pooled and analysed with a generalised linear
model (GLM) with Poisson regression. The assumptions of the
model were checked, and a deviance goodness-of-fit test was con-
ducted to ensure the appropriate GLM family was used, which
was only accepted if the result was > 0.8 (Wood er al, 2020).
Overdispersion was also tested using the Applied Econometrics
for R package (Kleiber & Zeileis, 2008). Trichodorid count was
set as the dependent variable while sample number and
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experimental repeat (to account for the pooling of data) were set
as independent variables. Models including only sample number
as the independent variable had better Akaike Information Cri-
teria, so this was the only variable used in the final model. An
analysis of deviance was performed on the model with Tukey
HSD post hoc tests with P value adjustment to investigate signifi-
cance. Comparisons between 2-ethyl-1-hexanol emissions and
virus RNA level was carried out with linear regression. All other
data were analysed using analysis of variance (ANOVA) and
model assumptions checked with Shapiro—Wilk and Levene’s
tests for normality and homogeneity of variance, respectively. All
root architecture parameters and qPCR data were transformed
using cube root transformation to fit the analysis of variance
assumptions. Root architecture data were analysed per time
point, as well as across the entire data set. Tukey’s HSD post hoc
tests were used when two or more levels of an interaction were
significant. Statistical analysis was carried out in R (R Core
Team, 2020). The packages car, arm, and emmeans were used for
the linear mixed effects model, whereas car, rcompanion and
MASS were used for data transformation and visualisation.

Results

Impacts of TRV Infection on N. benthamiana root
morphology

Tobacco rattle virus infection, whether by the wt virus or the 2b
and 2c¢ mutants, significantly altered the measured root para-
meters, but only for a limited period: The significant changes
observed at 7 and 14 dpi were no longer observed by 21 dpi
(Table S1). Plants infected by wt TRV showed a reduction in
root dry weight and root length, volume, and surface area at both
7 and 14 dpi (Table S1; Fig. 4a).

Plants infected with the TRV mutants showed slightly differ-
ent responses in terms of impacts on their root growth and mor-
phology compared with infection by the wt virus (Table S1). For
example, at 7 and 14 dpi, plants infected with TRV A2c had
reduced root dry weights compared with uninfected plants, but
greater root dry weight than wt virus-infected plants, whereas
plants infected with TRV A2b were also reduced in root dry
weight relative to uninfected ones but did not differ from wt
TRV-infected plants (Table S1). Tobacco rattle virus A2b infec-
tion reduced root length compared with uninfected and TRV
A2c¢ infected plants in a manner similar to wt virus infection. In
terms of root surface area, both mutant virus infections showed
reductions compared with uninfected plants at 7 dpi, but only
TRV A2c infected plants were different to plants infected with
the wt virus (Fig. 4a). By 14 dpi, root surface area in TRV A2c
infected plants was no longer reduced compared with uninfected
plants, nor did it differ significantly from that of wild-type
infected plants. Overall, TRV infection temporarily reduces the
relative size of whole plant root systems.

The amount (titre) of virus accumulated in the infected plants
changed over the course of the infection and followed the same
pattern as was found for the root morphology changes, with max-
imum infection at 7dpi, and significantly reduced, but still
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Fig. 4 Effect of infection with wild-type tobacco rattle virus (TRV) and
frameshift mutants on root surface area across the 28-d infection timeline.
(a) Differences of root surface area in Nicotiana benthamiana plants
infected with different TRV treatments. Significant differences between
treatments were only seen at 7 and 14 d post infection (statistically similar/
differing groupings are annotated with differing lowercase letters above
columns, Day 7: F(3,16) =25.27, P < 0.001; Day 14: F(3,16) =8.38,

P < 0.01). Seven days post infection: uninfected plants had greater surface
area than TRV A2b (P < 0.001), TRV A2c (P < 0.01) and wild-type
infected plants (P < 0.001) while TRV-A2c infected plants had greater
surface area than wild-type infected plants (P < 0.01). Fourteen days post
infection: only significant differences were between uninfected and
TRV-A2b (P < 0.01) and wild-type (P < 0.01) infected plants. (b)
Normalised expression of TRV coat protein gene in N. benthamiana roots
across the 28-d infection timeline. Changes in expression of a TRV gene
normalised to a N. benthamiana housekeeping genes (APR) over course of
infection. There was a significant increase in viral load 4-7 d post infection,
with a significant, consecutive decrease in viral load at 14 and 21 d post
infection. No significant differences were observed between TRV-infected
treatments on any single date post infection. Means and standard errors
are shown, n =5 for all bars.

present infection at 14dpi. By 21 and 28 dpi, there was no
detectable TRV infection present in the plants (Fig. 4b). How-
ever, no significant differences in virus titre were observed
between the wt and mutant viruses at 7 and 14 dpi.

Modifications of root volatile emissions by TRV infection
Root volatiles detected by the GC-MS analysis ranged from one

to 20 carbons in size. 2-ethyl-1-hexanol (HSC L OH) was the
CH

3
only compound in this analysis that showed consistent, large
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differences in emissions between infected and uninfected plants.
The roots of wt-infected plants released significantly (c. 14 times)
more of this compound than uninfected plants (Fig. 5a; wt:
117.74£19.0ngmin"'g~' root dry weight; uninfected:
84+49ng min ! g_1 root dry weight). In wt virus-infected
plants, normalised viral load explained nearly all the observed
variance in 2-ethyl-1-hexanol emissions (Fig. 5b).
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Fig.5 2-Ethyl-1-hexanol emissions from the roots of uninfected plants and
plants infected with tobacco rattle virus (TRV) and their relationship with
viral load. (a) Mean 2-ethyl-1-hexanol VOC fluxes from the roots of
uninfected plants and those infected with wild-type TRV and the TRV A2b
and TRV A2c mutant lines. Error bars are standard error (n =5). Emissions
between TRV wild-type infected plants and other treatments differed

(P < 0.01 compared to control and TRV-A2b, and P < 0.05 compared to
TRV-A20). (b) Relationship of 2-ethyl-1-hexanol flux with viral load in the
root tissue. Comparison of root volatile emissions from plants infected with
wild-type TRV and TRV A2b and TRV A2c mutant lines, with relative viral
load normalised to a Nicotiana benthamiana housekeeping gene, APR. A
significant relationship exists for wild-type infected plants (~* = 0.99;

P < 0.001) and TRV A2b infected plants (*=0.92; P < 0.01), but not for
the TRV A2c infected plants (P =0.16).
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The rate of emission of 2-ethyl-1-hexanol from plants roots
infected with the A2b and A2c mutant viruses was similar to
those in uninfected plants and was reduced relative to those
infected with wt TRV (Fig. 5a). While emissions were reduced in
A2b-infected plants, they were still correlated with viral load
(Fig. 5b). Viral load, in terms of relative normalised expression of
the TRV coat protein gene, was similar across the three infection
treatments (Fig. 5b).

Trichodorid preference for TRV-infected plants

The treatments in the olfactometer preference experiment
(Fig. 3) significantly affected trichodorid accumulation in the col-
lection tubes (GLM-p X%z,so) =88.8, P< 0.001), with trichodor-
ids preferentially moving towards the wt TRV-infected plant
(Fig. 6a) when given the choice between that and an uninfected
plant. Double the number of trichodorids moved towards the
infected (8.4+0.7 nematodes cm °) than the uninfected
(4.2 + 0.5 nematodes cm °) plants. Movement of trichodorids
was positively correlated with increasing levels of viral load

(Fig. Gb).

Trichodorid attraction to 2-ethyl-1-hexanol

To test the role of 2-ethyl-1-hexanol in trichodorid attraction, an
amended olfactometer design was used (Fig. 7a). Attractiveness
of uninfected plants, with and without the addition of 2-ethyl-1-
hexanol, differed (Fig. 7b; GLIM-p X%2,21) =12.4, P<0.05):
More trichodorids moved towards the uninfected plants with
added 2-ethyl-1-hexanol than towards those without, suggesting
that the infection-induced increase in 2-ethyl-1-hexanol released
from roots is an important chemical cue attracting trichodorids
to TRV-infected plants.

In olfactometer assays to test the impact of mutation of the
RNA2 2b gene on the attractiveness of infected plants to tricho-
dorids, there was a significant difference in direction of
trichodorid movement (GLM-p X<22,21) =55.89, P<0.001, post
hoc P < 0.05), with preference for wt TRV-infected plants rather
than for plants infected with the A2b mutant virus (Fig. 7¢).
There was no significant difference in attractiveness when plants
infected with TRV A2b were compared with uninfected
plants (8.1 4+ 1.2 vs 6.9 + 1.0 nematodes cm ™ for A2b vs unin-
fected plants, respectively).

We also tested in olfactometer assays whether the addition of
2-ethyl-1-hexanol restored attractiveness to the TRVA2b mutant
infected plants relative to wt TRV infection. A significant differ-
ence (GLIM-p X(22,21> =55.9, P<0.001) in preference remained,
with trichodorids moving in greater numbers towards wt-infected
plants (Fig. 7¢).

Discussion

This study has demonstrated that TRV-driven alterations in root
volatile emissions lead to increased chemotaxis of the virus’s tri-
chodorid nematode vector and has identified the dominant che-
mical component of the signal manipulated by TRV to attract
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Fig. 6 Response of trichodorid nematodes when
presented with uninfected and wild-type tobacco
rattle virus (TRV)-infected plants. (a) Preference
between uninfected and TRV wild-type infected
plants is significant (GLM-p x7, 3, = 88.8,

P < 0.001). 43% of recaptured nematodes had
moved into the arms towards plant roots, 57 %
remained in the central pot. Mean (+ standard
error) abundance is shown (n = 11). (b) Number
of trichodorids moving towards infected plants in
relation to viral load in the roots of those plants.

0.4 0.6

Relative normalised TRV coat protein
gene expression

vector trichodorids and, thereby, potentially promote transmission
of the virus from plant to plant. Infection with TRV significanty
modifies both root morphology and the profile of volatile emissions
from the roots, specifically enhancing 2-ethyl-1-hexanol produc-
tion. Both trichodorid and  2-ethyl-1-hexanol
production correlated strongly with plant viral load, while the addi-
tion of 2-ethyl-1-hexanol to uninfected plants made them signifi-
cantly more attractive to trichodorids than untreated counterparts.
Removal of TRV RNA2-encoded 2b and 2c genes significantly
reduced the production of 2-ethyl-1-hexanol and trichodorid
attraction. This is the first demonstration of attraction through

chemotaxis

semiochemicals in vector nematode—plant interactions and the exis-
tence of such novel belowground multdtrophic signalling could
have significant implications for both soil ecology and the manage-
ment of agricultural pests.

Viral infection impacts on root morphology and the release
of volatiles from infected roots

Our first hypothesis, that viral infection would impact root
growth and the release of root volatiles and that this would reflect
the viral load within the roots was supported. The changes in root
morphology corresponded to levels of virus infection, with the
maximum differences in root growth parameters occurring
between wt-infected plants and uninfected plants at 7 and 14 dpi
and were not apparent by 21 dpi, corresponding to the levels of
infection detected at these time points. The recovery of N.
benthamiana from TRV infection is a known phenomenon,
although in other plants, such as in potato tubers, the virus can
remain as a viable but very low-level infection for long periods
(Sahi er al., 2016). Research has shown that the steep reduction
in levels of TRV in infected plants is the result of an interaction
between the TRV RNAIl-encoded 16K protein and the plant
nuclear protein coilin, leading to the activation of specific plant
defence pathways (Shaw ez 4/, 2019).

Wild-type TRV infection drives a temporary reduction in root
biomass, with commensurately diminished root surface area,
length, and volume. While trichodorids are named ‘stubby root
nematodes’ (Decraemer, 1995) due to their root feeding with
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1 172 TRV-infected plants with greater viral load

attracted more trichodorids when tested against
uninfected plants (linear regression, P < 0.01,
r?=0.49).

resultant malformation of plant root tips, our results suggest that,
in this study system at least, it is TRV infection that initiates the
reduction in root biomass and associated structural parameters.
The successful transmission of TRV requires that the virus is col-
lected during an initial trichodorid feeding event and then depos-
ited during a second feeding into a different part of the plant or,
more productively, into roots of another plant. The feeding pro-
cess is destructive, with the nematode depositing glandular secre-
tions into the plant cell that liquefy the cell contents enabling
them to be removed through the stylet and into the nematode
oesophagus (Taylor & Brown, 1997). It is assumed that transmis-
sion of the virus occurs during interrupted feeding or sensory
probing events that do not kill the recipient cell. These results
challenge our perception of the drivers of a critical functional
outcome within plant-virus-nematode vector systems; furcher
research is needed to determine whether this phenomenon occurs
in other plant virus—vector nematode systems.

2-ethyl-1-hexanol is produced in healthy N. benthamiana
plants; however, during the period of maximum infection
(7 dpi), wt TRV-infected plants produced significantly more 2-
ethyl-1-hexanol than uninfected plants and emissions, like the
impacts on root morphology, were tightly correlated with viral
load. 2-ethyl-1-hexanol is a known anthropogenic chemical, and
the limited production observed in uninfected and mutant plants
cannot be ruled out as methodological contaminants. However,
2-ethyl-1-hexanol production in plants is known to result from
an array of biotic attacks and stresses, such as beetle herbivory
(Heil & Bueno, 2007), fungal parasitism (Castelyn ez al., 2015),
and pathogenic bacteria (Yi ez al., 2009) but, until now, the over-
production of 2-ethyl-1-hexanol due to nematode-mediated virus
infection has not been reported.

Attraction of trichodorid nematodes to infected plants in
response to changes in root volatiles

We have demonstrated, for the first time, that TRV-infected V.
benthamiana are more attractive to trichodorids than are unin-
fected plants and that 2-ethyl-1-hexanol release is a critical com-
ponent of the attraction. Plants infected with wt virus released
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Fig. 7 Response of trichodorid nematodes
presented with uninfected plants and those with
added 2-ethyl-1-hexanol. (a) Revised (©
olfactometer design with glass capillaries for
addition of 2-ethyl-1-hexanol to plant roots. (b)
Preference of trichodorids between uninfected
plants with or without the addition of 2-ethyl-1-
hexanol. Means and standard errors are shown
(n=8). There was significantly greater
trichodorid movement towards uninfected plants
with added 2-ethyl-1-hexanol (GLIM-p

X(22v21) =12.4, P <0.05). (c) Preference of
trichodorids between plants infected with either
wild-type TRV or TRVA2b, with and without 2-

No. of trichodorids collected

TRV wild-type A2b

—t— #——i + 2-ethyl-1-hexanol

ethyl-1-hexanol. Means and standard errors are
shown (n =8). In both trials, there was a -15
significant movement towards plants infected

with wild-type TRV. *, P < 0.05; *** P < 0.001.

more 2-ethyl-1-hexanol and were more attractive to trichodorids
than were uninfected plants. This supports our second hypothesis
that the observed difference in the attraction of trichodorids to
plants infected with TRV compared with uninfected plants is
due to the difference in volatile signals caused by TRV infection.
Furthermore, we have shown that the addition of 2-ethyl-1-
hexanol to uninfected plants is sufficient to attract more tricho-
dorids to these plants compared with uninfected, untreated
plants, again suggesting that 2-ethyl-1-hexanol plays a significant
role in the attraction of trichodorids to TRV-infected plants. We
recognise that we have not eliminated the possibility that larger
compounds, including non-volatile organics, could have been
modified in, or generated by, root tissues and this could be an
explanation for the reduced impact of the addition of 2-ethyl-1-
hexanol on nematode behaviour in the experiments with the 2b
mutant. Non-volatile compounds are less likely to be influential
however, since diffusion rates through water are substantially
slower than through the vapour phase, and the gap between
planted olfactometer section and nematodes was 8 cm.

© 2024 The Authors
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Substantial nematode movement towards uninfected plants
remained even without the addition of 2-ethyl-1-hexanol. We
have shown that uninfected plants do not release appreciable
amounts of 2-ethyl-1-hexanol from their roots, so this observed
attraction cannot be fully explained by this compound, suggest-
ing that while 2-ethyl-1-hexanol acts as an important cue for tri-
chodorids, other signals may contribute to their attraction to
plant roots. For example, some nematodes respond to basic envir-
onmental cues indicating the presence of roots, such as CO, gra-
dients (Turlings er al, 2012). Root volatiles are complex
mixtures, which respond to abiotic and biotic stresses in targeted
ways, with potential impact on nematode behaviours (Sikder &
Vestergdrd, 2020). The 2-ethyl-1-hexanol emissions that we
report were elevated in wt TRV infection on a gg~' root mass
basis, but all other root volatiles that we observed were not signif-
icantly different between treatments. However, observed changes
in root morphology after infection are likely to influence the
strength and prevalence of these signals, whether they are gaseous
(e.g. COy) or liquid (e.g. soil moisture content) in nature.
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Mutations in TRV RNA 2 genes and their impact on volatile
production and trichodorid nematode attraction

Tobacco rattle virus carrying mutations in the 2b and 2c genes
produced similar, though generally slightly less severe (particu-
larly in the case of A2c¢), changes in root morphology to that
resulting from wt TRV infection. This was not our prediction,
but, in line with our third hypothesis, infection by virus with
these mutations did significantly reduce the production of 2-
ethyl-1-hexanol by plants, such that the rate of volatile emissions
no longer differed from uninfected plants and in the case of A2c,
no longer correlated with viral load. This was reflected in tricho-
dorid behaviour, with plants infected with TRV A2b significantly
less attractive to trichodorids than plants infected with wt TRV,
and this difference, while reduced, was maintained when 2-ethyl-
1-hexanol was added to the pot containing the A2b mutant virus.

Whether volatile signals generated by infected plants are directly
induced by infection as a modification of existing plant metabo-
lism, as a plant stress response, or as a by-product of infection
remains unclear. The TRV RNA 2b and 2c are relatively small pro-
teins with no identifiable structural similarity to known metabolic
proteins (MacFarlane, 2010), so it appears unlikely that they are
directly responsible for changes in VOC production in TRV-
infected plants. Nevertheless, several plant virus-encoded proteins
are known to modify plant metabolic and regulatory processes.
(Hyodo & Okuno, 2020). For example, in cucumber mosaic virus,
the (unrelated to TRV) 2b gene encodes a small protein that inhi-
bits host defences (Ziebell ez 2/, 2011) and alters host N. tabacum
VOC emissions (Tungadi ez al., 2017). There is evidence that the
2b protein of TRV is multifunctional. It was found that TRV car-
rying the 2b gene and GFP as a reporter gene had an increased abil-
ity to infect and persist in roots, root meristems, and shoot
meristems as compared with TRV carrying only GFP (Valentine
et al., 2004). Accompanying this, the 2b-containing TRV initiated
a longer lasting and more widespread virus-induced gene-silencing
response, which has since been exploited for functional genomics
studies in roots (Wang ez al., 2022).

Our VOC analyses show that 2-ethyl-1-hexanol is an impor-
tant cue for attracting trichodorid nematodes to the plant roots
and that the TRV 2b protein has an unexplained role in affecting
the production of these chemicals. Once the nematode has been
stimulated to begin feeding on the root cells, virus transmission
likely relies on physical interaction between the virus particle and
specific regions of the nematode oesophagous, an idea supported
by the use of TRV Coat Protein (CP)-specific immunogold elec-
tron microscopy to demonstrate that TRV particles are localised
at the nematode oesophageal surface (Karanastasi ez al, 2000).
Molecular virology studies have clearly implicated the TRV 2b
protein in this part of the transmission process, in a role separate
to its action on VOC production; these studies, using combina-
tion of TRV strains with and without mutations in the 2b gene,
suggest the 2b protein binds to the TRV coat protein to provide
a link between the virus particle and the nematode oesophagus
(Vellios ez al., 2002; Holeva & MacFarlane, 20006).

The fact that the addition of 2-ethyl-1-hexanol did not make
plants infected with the A2b mutant as attractive to nematodes as
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plants infected with wt TRV suggests this compound is not the
sole driver of plant—nematode interactions but may be part of a
more complex cocktail of chemical cues produced by TRV-
infected plants. Plants infested by biotic agents, including arthro-
pods (Pefiaflor er 4/, 2011) and nematodes (Hallem ez 4/, 2011)
produce a variety of compounds from infected roots and nema-
tode behaviour has been shown to be most strongly influenced by
application of intact root exudate mixtures (Wang ez al., 2018).
While the full spectrum of volatiles from infected plants appears
to induce the greatest response, our experiments have shown that
2-ethyl-1-hexanol is an important chemoattractant for nematodes
and is a significant component of the total volatile signal to which
trichodorids respond.

Conclusion

TRV-trichodorid interactions sit at the confluence of plant virus—
vector relationships, nematode chemotaxis, and plant-mediated rhi-
zosphere signalling. Work on plant virusvector interactions is domi-
nated by studies on aboveground arthropod vectors, but unlike
aboveground interactions, nematode vectors can only rely on che-
mical and physical gradients to orient themselves towards plants.
This work demonstrates that a plant virus with a nematode vector
uses chemical signals to attract virus vectors and has identified a cri-
tical component of that signal. These findings are valuable for our
understanding of nematode chemotaxis, advancing our knowledge
of virus transmission in arable production systems, and generating
novel information on chemically mediated plant—soil biota interac-
tions. We propose that this particular chemical interaction between
virus, nematode vector, and crop plant could be the basis of a
nature-based solution, to be incorporated within an integrated pest
management framework, to mitigate the effects of nematode—virus
transmission in potato. These results provide an example of critical
soil interactions and provide insights into an important knowledge
gap within soil ecology.
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