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Common resistance
mechanisms are deployed

by plants against sap-feeding
herbivorous insects: insights
from a meta-analysis

and systematic review

D. J. Leybourne™ & G. I. Aradottir?

Despite their abundance and economic importance, the mechanism of plant resistance to sap-feeding
insects remains poorly understood. Here we deploy meta-analysis and data synthesis methods to
evaluate the results from electrophysiological studies describing feeding behaviour experiments
where resistance mechanisms were identified, focussing on studies describing host-plant resistance
and non-host resistance mechanisms. Data were extracted from 108 studies, comprising 41 insect
species across eight insect taxa and 12 host-plant families representing over 30 species. Results
demonstrate that mechanisms deployed by resistant plants have common consequences on the
feeding behaviour of diverse insect groups. We show that insects feeding on resistant plants take
longer to establish a feeding site and have their feeding duration suppressed two-fold compared with
insects feeding on susceptible plants. Our results reveal that traits contributing towards resistant
phenotypes are conserved across plant families, deployed against taxonomically diverse insect
groups, and that the underlying resistance mechanisms are conserved. These findings provide a new
insight into plant-insect interaction and highlight the need for further mechanistic studies across
diverse taxa.

Sap-feeding insects are one of the most economically-damaging groups of herbivorous insects2. They comprise
anumber of important taxonomic groups including aphids, whiteflies, psyllids, planthoppers, and leathoppers.
They feed using specialised feeding structures (stylets) to penetrate the plant epidermis; the insect stylet then
probes through the plant mesophyll tissue towards the vascular tissue where a feeding site is established’. After
successfully establishing a feeding site in the vascular tissue they syphon away plant nutritional resources by
ingesting plant sap (usually phloem or xylem)’. Sap-feeding insects can cause a significant amount of plant dam-
age through two avenues?*: (1) direct damage caused during the probing and feeding process; and (2) indirect
damage by transmission of phytopathogens and phytoviruses. Examining the biological interactions between
sap-feeding insects and their host plants has been fundamental in improving our understanding of these unique
relationships, with the information gained used to develop more sustainable insect management strategies’.
One avenue that has shown promise in facilitating non-chemical control of sap-feeding insects is the devel-
opment of plant populations that are resistant to, or tolerant of, these insects>® and/or the phytopathogens
they transmit’~'°. Plant resistance traits can be introduced into commercial varieties through crop breeding
methodologies, such as marker assisted breeding, introgression, or the use of genetic engineering technologies.
Resistance traits to pests and diseases are commonly found in wild relatives of modern crops, which represent
a unique resource of genetic variability>'!. Developing host-plant resistance is a key aim of many crop breed-
ing companies as breeders aim to offer varieties that are resistant to herbivorous insects to protect crop yields.
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A) Graphical representation of the EPG experimental setup

B) Overview of the main EPG phases and corresponding stylet
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Figure 1. (A) Overview of an EPG experimental setup. (B) An indication of the location of the insect stylet
in the plant tissue for the main EPG phases (i-vi). (C) Example EPG waveforms from Leybourne et al.'®
redistributed with publisher permissions. This image was created with BioRender.com.

Non-host resistance is a resistance mechanism that is often found in nature. Non-host resistance can be loosely
described as the mechanisms that determine the natural host range of a specific insect species. Generally, non-
host resistance is explored to identify physiological, chemical, and molecular characteristics, at either the insect
or plant level, that prevent (the non-host plant) or facilitate (the host plant) insect infestation. Exploring these
interactions could lead to a greater understanding of the factors that enable successful infestation of a plant by
an insect, thereby highlighting the important resistance traits, as has been reported in many non-host plant-
pathogen interactions'?. In some entomological studies non-host resistance is referred to as plant acceptance,
compatibility, or rejection'*!4.

Once a resistant or tolerant plant has been identified, usually through behavioural bioassays measuring insect
development and reproduction”?, the electrical penetration graph (EPG) technique can be used to examine the
feeding behaviour of sap-feeding insects to determine the ease with which the insect accesses the feeding sites
of the plant (see'” for a recent review). Briefly, the EPG technique works by using a series of wires and electrodes
to establish an open electrical circuit between the insect and the plant, when the sap-feeding insect inserts its
stylet into the plant tissue the circuit is closed and an electrical signal is produced. Figure 1 provides a graphical
representation of this process. Multiple waveforms can be produced and each is associated with stylet interactions
with a specific plant tissue layer (epidermis, mesophyll, intracellular, phloem, or xylem) and a defined feeding
behaviour within that layer (probing, salivation, ingestion; Fig. 1)!5°%7.

When the feeding patterns of sap-feeding insects on susceptible and resistant, or host and non-host, plants
are compared the plant tissue layers that are involved in conferring the resistance trait can be identified". For
example, the presence of resistance factors that reside on the leaf surface or in the upper epidermal layers can
be identified by an increase in time taken for insects to probe the plant tissue or an overall increase in the time
insects spend not probing plant tissue with their stylets; similarly resistance factors present in the phloem can be
identified by a decrease in time insects spend ingesting phloem sap". This information can then be used to target
additional biochemical, morphological, and molecular assessment of the plant material at these highlighted plant
tissue layers in order to further explore the interaction between the insect and its host, and in the process identify
the underlying mechanisms that contribute towards the resistance phenotype!®?*?!, Susceptible vs. resistant plant
comparisons have been carried out for several sap-feeding insect groups on many important crops: aphids on
barley?!, aphids on wheat®, aphids on potato'?, psyllids on pear?, psyllids on potato®, whiteflies on tomato®,
whiteflies on Brassica”, and leathoppers on tea?. Identifying these traits can be used to better understand the
interaction and guide the future development of resistant germplasm. As a result of extensive examination of
the feeding behaviour of sap-feeding insects on susceptible vs. resistant plant types?®* and host vs. non-host
plants?’ there is a comprehensive archive of scientific literature available that can be screened to identify whether
plant resistance mechanisms have a common negative effect on the feeding behaviour of multiple sap-feeding
insect groups.
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Here, we synthesise the results of feeding experiments for several important sap-feeding insect groups (aphids,
whiteflies, psyllids, leathoppers, planthoppers, and chinch bugs). We use this information to identify how plant
resistance affects the feeding behaviour of sap-feeding insects and to highlight the plant tissue layers important
in conferring resistance to these insects in important crop species. We produce and analyse three distinctive
datasets consisting of two host-plant resistance datasets (i.e., comparisons of susceptible and resistant varieties
of the same plant type) and one non-host plant resistance dataset. The two host-plant resistance datasets are
represented by an aphid and a non-aphid dataset. To facilitate comparisons across different taxonomic groups
and multiple plant families we focus on data reporting the main EPG feeding parameters (non-probing, probing,
phloem salivation, phloem ingestion, and xylem ingestion) and extract data on the time until each EPG parameter
was observed and the total duration each parameter was observed for, producing two sub-datasets (“Time to
first” and “Duration”) for each dataset. Our aphid host-plant resistance dataset comprised sufficient datapoints
to facilitate meta-analysis assessment (76 studies, 501 independent effect sizes over 15 electrophysiological
parameters); however, due to low sample size, other insect groups were assessed using qualitative approaches.
Our non-host resistance data were assessed using meta-analysis (16 studies, 133 independent effect sizes over
13 electrophysiological parameters). Where reported we also qualitatively assess the characterised resistance
mechanisms described in each paper and highlight the plant tissue layers these resistance mechanisms likely
reside in. This enables us to identify the location of resistance factors, the mechanistic processes that contribute
towards heightened resistance, and to identify if resistance mechanisms are deployed that effect all, or most, sap-
feeding insect groups or whether unique resistance mechanisms are active for each sap-feeding insect group. In
our aphid host-plant resistance dataset we have a sufficient number of studies to examine differences that might
influence plant resistance against aphids at biologically relevant levels, namely insect specialism and plant family.

Results

Phloem access is restricted in aphid-resistant plants and this is independent of plant family
and aphid specialism. Plant defence traits do not readily prevent or impede the penetration of plant tissue
or restrict insect access to secondary (non-nutritional) plant sap as shown by the analysis of our “Time to First
Event” aphid host-plant resistance meta-analysis sub-dataset. This showed that the time to first penetration of
plant tissue, C phase, did not occur sooner on susceptible plants (Hedges’ g=0.19; n=35; p=0.319; Fig. 2A. Fun-
nel plot asymmetry: T=0.109; p=0.366). Similarly, no differences were detected in the time until aphids experi-
enced stylet penetration difficulties, F phase, (Hedges’ g=0.04; n=3; p=0.472; Fig. 2A. Funnel plot asymmetry:
T=-0.33; p=1.00) or the time until ingestion of xylem sap, G phase, (Hedges’ g=0.50; n=8; p=0.390; Fig. 2A.
Funnel plot asymmetry: T=0.21; p=0.548).

Our meta-analysis did, however, show that aphids probing on resistant plants take longer to reach the phloem,
as indicated by a longer time taken until salivation into the phloem, E1 (Hedges g=0.62; n=56; p= <0.001;
12=84.36; Fig. 2A. Funnel plot asymmetry: T =0.33; p=0.003). Sub-group analysis indicated that there were
no differences amongst the different plant families (Z-value =—0.04; p=0.998; Fig. 2B) or between specialist,
moderate, and generalist aphids (Z-value=1.87; p=0.082; Fig. 2C), indicating that this is a common effect of
plant resistance on aphid feeding behaviour.

The two aphid feeding phases that were delayed to the greatest extent on resistant plants compared with sus-
ceptible plants were the time to first phloem ingestion, E2 phase, (Hedges’ g=0.55; n=32; p=0.003; 12=83.52;
Fig. 2A. Funnel plot asymmetry: T=0.19; p=0.124) and the time to first sustained ingestion of > 10 min, sE2
phase, (Hedges’ g=0.73; n=26; p= <0.001; I*=67.69; Fig. 2A. Funnel plot asymmetry: T=0.16; p=0.273). No
difference amongst the different plant families was detected for time to first phloem ingestion (Z-value=0.33;
p=0.864; Fig. 2D) or the time to first sustained phloem ingestion (Z-value=-0.10; p=0.976; Fig. 2F) phase.
There was also no difference detected between different aphid specialisms for time to first E2 (Z-value =0.04;
p=0.997; Fig. 2E) or time to first sE2 (Z-value=—1.55; p=0.173; Fig. 2G). Together, these results indicate that
restricting access to the phloem is an effective and common aphid resistance mechanism that is present in numer-
ous plant families and effective against aphids with broad- and narrow-host ranges.

Phloem access and ingestion is reduced in aphid-resistant plants across plant families. Analy-
sis of the sub-dataset measuring “Duration” of time insects spent on different behaviours indicated that, on aver-
age, aphids spent longer without probing plant tissue on resistant plants, np phase, (Hedges g=1.08; p= <0.001;
n=>53; ?=79.46; Fig. 3A Funnel plot asymmetry: T=0.39; p= <0.001). No significant difference was detected
between plant family (Z-value=1.07; p=0.359; Fig. 3B) or aphid specialism (Z-value=0.25; p=0.908; Fig. 3C).
Aphids also spent longer in the mesophyll tissue of resistant plants than susceptible plants, C phase, (Hedges’
g=0.73; p=<0.001; n=61; 12=77.52; Fig. 3A. Funnel plot asymmetry: T =0.08; p=0.343), with no significant
difference between different plant families (Z-value=0.03; p=0.999; Fig. 3D) or aphid specialism (Z=-0.18;
p=0.948; Fig. 3E).

Other mesophyll-associated feeding patterns, including the duration of intra-cellular punctures (potential
drops, pd phase) and stylet penetration difficulties, F phase, were not affected by the resistance status of the
plant: pd phase (Hedges’ g=0.47; p=0.553; n=23. Funnel plot asymmetry: T =0.07; p=0.676); F phase (Hedges’
g=0.03; p=0.862; n=23. Funnel plot asymmetry: T=0.08; p=0.638). Similarly, the total duration of the xylem
ingestion, G phase, was not affected by plant resistance status (Hedges’ g=0.11; p=0.066; n =42. Funnel plot
asymmetry: T=0.03; p=0.730).

The total duration of phloem salivation events, E1 phase, was not shown to differ between aphids probing into
susceptible or resistant plants (Hedges’ g=0.14; p=0.253; n=48. Funnel plot asymmetry: T=0.04; p=0.691).
The phases that were most affected were the phloem ingestion phases, E2 (phloem ingestion) and sE2 (> 10 min
constant ingestion). The total time aphids spent ingesting phloem sap, E2 phase, was lower on resistant than
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Figure 2. (A) The mean effect size for each EPG phase for the aphid “Time to First Event” dataset; *EPG phases
significantly impacted by plant resistance. (B-G) sub-group analysis for the three EPG phases where time to
first detection was significantly different between aphids feeding on susceptible vs. resistant plants. Time to first
E1 (B, C), time to first E2 (D, E), and time to first sE2 (F, G). Sub-group analysis was done for plant family (B,
D, F) and aphid specialism (C, E, G). Graphs displays the mean effect size (Hedges g) and the 95% confidence
intervals. Red dashed line displays the zero effect size.

susceptible plants (Hedges' g=—1.86; p= <0.001; n="76; >=89.15; Fig. 3A. Funnel plot asymmetry: T=-0.32;
p=<0.001), with the same trend observed for periods of sustained phloem ingestion, sE2 phase, (Hedges’
g=—1.84; p=<0.001; n=19; [*=72.59; Fig. 3A. Funnel plot asymmetry: T=-0.439; p=0.008). No difference was
detected between different plant families (Z-value = - 0.34; p =0.843; Fig. 3F) or aphid specialisms (Z-value =0.68;
p=0.606; Fig. 3G) for phloem ingestion, with the same trend observed for sustained ingestion: plant family
(Z-value=-0.01; p=0.999; Fig. 3H), aphid specialism (Z-value = 1.35; p=0.247; Fig. 3I).

Similar trends are observed across sap-feeding insect groups. We examined whether the feeding
behaviour of other herbivorous insect groups was affected in a similar manner to what was observed for our
aphid data. To achieve this, we extracted data on the feeding behaviour of five other sap-sucking herbivorous
insect groups, chinch bugs, leathoppers, planthoppers, psyllids, and whiteflies, when feeding on susceptible and
resistant plants and calculated the effect sizes for the time until first observation and total duration of the main
EPG waveforms. Low levels of replication for these additional groups meant that a full meta-analysis was not
possible.

Assessment of this dataset indicated that plant resistance had a similar effect on insect feeding behaviour, with
the observed patterns similar to what we observed for our aphid meta-analysis dataset (see Fig. 4 for a graphical
representation). For all herbivorous insect groups examined the total duration of the non-probing period was
on average higher and phloem ingestion (a key nutritional source for all the herbivorous insect groups included
in this dataset) was reduced on resistant plants relative to susceptible plants. Furthermore, for the insect groups
where data were reported (planthoppers, psyllids, and whiteflies) it took longer for the insects to begin salivation
into and ingest from the phloem on resistant plants. When compared with our aphid meta-analysis dataset, this
suggests that resistant plants have a similar effect on the feeding behaviour of multiple sap-feeding herbivorous
insect groups, indicating that common resistant mechanisms are present.
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Figure 3. (A) The mean effect size for each EPG phase for the aphid “Duration” dataset; * indicates EPG phases
significantly impacted by plant resistance. (B-I) sub-group analysis for the four EPG phases where the total
duration was significantly different between aphids feeding on susceptible vs. resistant plants. Total duration

of np (B, C), total duration of C (D, E), total duration of E2 (F, G), and total duration of sE2 (H, I). Sub-group
analysis was done for plant family (B, D, F, H) and aphid specialism (C, E, G, I). Graphs displays the mean effect
size (Hedges g) and the 95% confidence intervals. Red dashed line displays the zero effect size.

Non-host resistance follows similar processes as host-plant resistance. An additional dataset
(n=16) extracted from our literature search enables us to gain insights into the common effects of non-host
resistance on insect feeding behaviour.

Analysis of the non-host “Time to First Event” sub-dataset indicated that, on average, the time for first pen-
etration of plant tissue, C phase, did not occur sooner on non-host plants relative to host plants (Hedges’ g=0.17;
n=10; p=0.377; Fig. 5A. Funnel plot asymmetry: T =0.244; p=0.381), following our observations made on
host-plant resistance. Time until salivation into the phloem (E1 phase) and ingestion of phloem sap (E2 phase),
also followed the overall trends of those detected in our aphid dataset (Fig. 2 vs. Fig. 5); however, the number of
studies included in this analysis was limited and no significant differences were detected in our non-host plant
resistance dataset for the time to first phloem salivation, E1 phase, (Hedges g=0.95; n=5; p=0.107; Fig. 5A.
Funnel plot asymmetry: T=-0.40; p=0.483) or phloem ingestion was observed, E2 phase, (Hedges’ g=0.78;
n=4; p=0.141; Fig. 5A. Funnel plot asymmetry: T=0.21; p=0.548).

Analysis of our “Duration” sub-dataset on time insects spent on different feeding behaviours indicated that
the main feeding parameters affected by non-host resistance follow the trends observed in our host-plant resist-
ance datasets. On average, sap-sucking herbivorous insects showed a decrease in salivation and ingestion of
primary plant sap (coded as E1 and E2, respectively) when feeding on non-host plants compared with host-
plants: E1 (Hedges' g=-0.77; n=12; p=0.011; 1>=77.52; Fig. 5B. Funnel plot asymmetry: T=0.00; p =1.000);
E2 phase (Hedges’ g=-1.04; n=24; p=0.05; I*=91.08; Fig. 5B. Funnel plot asymmetry: T =-0.29; p=0.049).
Insects feeding on non-host plants also displayed longer periods of ingestion of non-primary plant sap (coded
as G phase) on non-host plants (Hedges’ g=-0.35; n=18; p=0.011; [*=31.17; Fig. 5B. Funnel plot asymmetry:
T=0.27; p=0.131). Although insects feeding on non-host plants spent longer not probing the tissue of non-host
plants compared with host-plants, np phase, and a decrease in time spent probing the mesophyll, C phase, these
observations were not statistically significant: np phase (Hedges’ g=1.00; n=18; p=0.072; Fig. 5B. Funnel plot
asymmetry: T =0.45; p=0.009); C phase (Hedges’ g=-1.03; n=36; p=0.774; Fig. 5B. Funnel plot asymmetry:
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Figure 4. A comparative diagram of the feeding behaviour of various herbivorous insect groups when feeding
on a resistant plant relative to a control plant. The overall effect of plant resistance on aphid feeding behaviour
is included for comparison. Diagram shows the overall effect of feeding on a resistant plant on non-probing
behaviour, tissue probing, salivation into the phloem, phloem ingestion, and xylem ingestion in relation to the
time until the feeding behaviour was first detected and the total duration of each feeding behaviour. Arrow
indicates the general direction of the observation (i.e., increase, decrease, or neutral) and colour indicates the
probable effect of this on insect fitness, red = negative, blue = inconsequential. This image was created with
BioRender.com.

T=-0.32; p=0.007). The observed patterns for these parameters did, however, follow the trends observed in
the host-plant resistance datasets.

Resistance and tolerance mechanisms are conserved across plant groups. From our database
of 76 aphid host-plant resistance studies, 16 non-aphid host-plant resistance studies, and 16 non-host resist-
ance studies, a total of 24 studies characterised the defensive processes involved in plant resistance. Defensive
traits were grouped into one of four categories: physical, nutritional (primary metabolites), chemical (second-
ary metabolites and biochemical compounds), or molecular (changes in gene expression or protein profiles)
defences (Table 1).

From the studies examined, the most widely reported resistance mechanisms involved chemical resistance:
seven studies screened for chemical-based plant defences and a further five studies examined multi-faceted
defensive processes where chemical defences were highlighted as a key resistance element (Table 1); two stud-
ies screened for chemical differences but found no difference between susceptible and resistant plants. Studies
examining chemical defences often focussed on whole-tissue or whole-leaf sampling in order to characterise the
overall chemical profile of the plant tissue. Only one study specifically targeted the chemical profile of plant sap.
Phenolics (n = 2), alkaloids (n = 2), and volatile organic compounds (1 =2) were most commonly associated with
resistance, and organic compounds represented the most widely reported class of defensive chemicals (1 = 10).
The second most widely reported defensive processes were physical defences, with four studies characterising
physical traits individually and a further three examining physical defences in conjunction with other defence
categories (Table 1). An additional study (Table 1; Koch et al.>') characterised physical traits but did not detect
any differences between susceptible and resistant plants. Studies examining physical defences focussed on differ-
ences at or within the leaf epidermis, with 7/8 studies examining leaf surface traits. The main physical differences
between susceptible and resistant plants involved increased leaf trichome density on the surface of resistant
plants (n=4; studies representing Brassicaceae, Fabaceae, Rosaceae, and Poaceae) or differences in epidermal
wax profiles (n =3; studies representing Brassicaceae, Poaceae, and Salicaceae).

Differences in the nutritional profiles between susceptible and resistant plants were the most uniform across
the studies. A total of five studies screened for nutritional differences, all in conjunction with other resistance
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Figure 5. (A) The mean effect size for each EPG phase for the non-host “Time until first observation” sub-
dataset; (B) the mean effect size for each EPG phase for the non-host “Duration” sub-dataset. *EPG phases
significantly impacted by non-host plant resistance. Graphs displays the mean effect size (Hedges’ g) and the
95% confidence intervals. Red dashed line displays the zero effect size.

categories. From these studies two examined the nutritional profile of plant sap and three examined whole leaf
tissue. Four of these studies examined plant amino acid content and reported similar trends across two plant
families (Poaceae and Cucurbitaceae): the amino acid palatability of resistant plants is lower than the amino acid
content of susceptible plants (Table 1).

Discussion

Our meta-analysis shows that the resistance mechanisms deployed by resistant plants against aphids have com-
mon consequences on insect feeding behaviour, and that these mechanisms often involve restricting access to
the plant phloem. Using qualitative synthesis to compare this observation with other sap-feeding insect groups,
we identify common mechanisms of resistance against multiple sap-feeding herbivorous insect groups in taxo-
nomically diverse plant species, highlighting restriction of phloem access as a common resistance mechanism.
Common resistance mechanisms have previously been reported for aphids and whiteflies'®****, but this is the
first time it has been shown across insect and plant families and the first quantitative and qualitative synthesis
of plant resistance mechanisms against sap-feeding insects.

Here we show that host-plant resistance against aphids generally involves resistance mechanisms that restrict
access to the phloem (as indicated by an increase in the time taken to reach the phloem sap'?) as well as resistance
factors that reduce insect probing of plant tissue (as indicated by the overall increase in non-probing time'®)
and factors that antagonise phloem ingestion (as inferred by the reduction in phloem ingestion and duration
of sustained phloem ingestion). Therefore, our results indicate that host-plant resistance mechanisms that are
active against aphids involve resistance-factors based at, or within, the leaf epidermis®, or within the phloem
sap, such as, defence chemistry, reduced nutritional content and lower palatability?>*. This conclusion supports
the results of several empirical studies where the leaf surface/epidermis and the phloem were highlighted as
important contributors of plant resistance against aphids'®!?21*>3¢, Furthermore, our aphid host-plant resist-
ance dataset was sufficiently large to enable various comparisons at biologically relevant levels, of plant family
and aphid host-range. We did not detect any difference in aphid feeding behaviour in relation to plant resistance
across the different plant families or aphid specialism, indicating that resistance against aphids in one family,
such as the Poaceae, are similar to those in other plant families, such as Brassicaceae.

Identification of resistant germplasm usually follows an extensive pipeline of phenotypic screening (e.g., insect
behavioural assays)*~*° followed by genetic screening of susceptible and resistant plant populations to identify
the genetic loci responsible for the observed resistance phenotype**2. A central finding from our study was that
the mechanisms conferring plant resistance to sap-sucking insects are similar for multiple agriculturally and
horticulturally important herbivorous insect groups. Our synthesis of the feeding behaviour of the non-aphid
sap-feeding insects indicated that the consequences of plant resistance on insect feeding patterns are similar
for all insect groups examined (Fig. 4). Together, these results indicate that the plant tissue layers most likely
involved in resistance mechanisms against sap-sucking herbivorous insects reside in the epidermal (increase in
non-probing feeding patterns), and vascular (decrease in sap ingestion time) tissue'’; resistance mechanisms
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(Aphididae)

Insect species (Tribe/ Resistance mechanism
Study Plant species (Family) Family) Resistance category Plant tissue examined identified
Reactive oxygen species
accumulation along the veins
Myzus persicae (Macro- of resistant plants
Sun et al. (2020) Capsicum spp. (Piperaceae) s yhinif Chemical Leaf discs—whole leaf tissue | Callose accumulation in the
P plant vasculature in resist-
ant plants following aphid
infestation
Cucumis melo (Cucurbi- Cryofixation and dissection Sieve element occlusion in
Peng and Walker (2020)% Aphis gossypii (Aphidini) Chemical of plant tissue-vascular .
taceae) tissue resistant plants
A. fabae (Aphidini),
A. craccivora (Aphidini),
. o Acrythosiphon pisum . .
Philippi et al. (2015)* Lupinus angustifolius (Aphididae), Chemical Whole leaf tissue ngher alk'almd concentra-
(Fabaceae) M X o tion in resistant plants
. persicae (Macrosiphini),
Macrosiphum albifrons
(Aphididae)
o Higher polyphenol oxidase
Cao et al. (2015) Triticum aestivum (Poaceae) ss;t‘;?;?)n avenae (Macro- Chemical ‘Whole leaf tissue and peroxidase activity in
P resistant plants
. . . . N . . Higher saponin content in
Sylwia et al. (2006) Medicago sativa (Fabaceae) | Ac. pisum (Aphididae) Chemical Whole plant tissue resistant plants
" . . . 5 . . Increased DIMBOA content
Mayoral et al. (1996) Triticum spp. (Poaceae) Diuraphis noxia (Aphididae) | Chemical Whole plant tissue in resistant plants
Reduced free essential amino|
acid content
Melanaphis sacchari No difference between sus-
Akbar et al. (2014)* Saccharum spp. (Poaceae) P Nutritional, chemical Whole leaf tissue ceptible and resistant plants

in relation to plant phenol
content or the levels of avail-
able carbohydrates

Chen et al. (1997)

C. melo (Cucurbitaceae)

A. gosypii (Aphidini)

Nutritional, chemical

Extracted plant sap (nutri-
tional and chemical analysis)

Asp content was lower and
glu content was higher in the
phloem of resistant plants
Lower overall protein
content in the phloem of
resistant plants

Lower glutathione levels

in the phloem of resistant
plants

No difference in general
amino amino acid composi-
tion between susceptible and
resistant plants

Koch et al. (2015)*!

Panicum virgatum (Poaceae)

Sipha flava (Aphididae)
Schizaphis graminum
(Aphidini)

Nutritional, Chemical,
physical

Leaf epidermis (physical),
whole plant (nutritional and
chemical),

Reduced amino acid content
in resistant plants

Higher oxalic acid levels in
resistant plant tissue

No differences in the leaf
surface (trichome and plant
wax) detected between sus-
ceptible and resistant plants

Hao et al. (2019)

Brassica napus (Brassi-
caceae)

Brevicoryne brassicae
(Aphididae)

Physical

Leaf epidermis

Resistant plants had a thicker|
leaf epidermis and higher
trichome density

Simon et al. (2017)

Triticum spp. (Poaceae)

S. avenae (Macrosiphini)

Physical

Whole leaf

Smaller vascular bundle
width in resistant plants

Todd et al. (2016)

Glycine max (Fabaceae)

Aphis glycines (Aphididae)

Physical

Leaf epidermis

Higher glandular and non-
glandular trichome density
on the leaf veins of resistant
plants compared with sus-
ceptible plants

Benatto et al. (2018)

Fragaria spp. (Rosaceae)

Chaetosiphon fragaefolii
(Aphididae)

Physical

Leaf epidermis

Higher glandular and non-
glandular trichome density
on the surface of the resist-
ant plant

Martin et al. (2014)

Populus spp. (Salicaceae)

Chaitophorus leucomelas
(Aphididae)

Physical, chemical

Leaf epidermis (physical),
volatile emission (chemi-
cal), and whole leaf tissue
(chemical)

Contrasting aliphatic hydro-
carbon profiles present in the|
surface wax of the suscepti-
ble and resistant plants
Larger concentration of phe-
nolic compounds in the leaf
tissue of resistant plants
Contrasting volatile organic
compound profiles between
susceptible and resistant
plants

Continued
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Study

Plant species (Family)

Insect species (Tribe/
Family)

Resistance category

Plant tissue examined

Resistance mechanism
identified

Leybourne et al. (2019)*!

Hordeum spp. (Poaceae)

Rhopalosiphum padi
(Aphidini),

S. avenae (Macrosiphini),
Utamphorophora humboldti
(Aphididae)

Nutritional, Physical,
Molecular

Phloem (nutritional), leaf
epidermis (physical), whole
leaf tissue (molecular)

Higher non-glandular
trichome abundance on the
surface of resistant plants
Differences in wax composi-
tion between susceptible and
resistant plants

Reduced essential amino
acid composition in the
phloem of resistant plants
Increased expression of
defence-associated genes in
resistant plant tissue

Canassa et al. (2020)

B. oleracea (Brassicaceae)

B. brassicae (Aphididae)

Physical, chemical

Leaf epidermis (physical),
whole leaf tissue (chemical)

Lower leaf hardiness and
reduced wax content on
more resistant plants
Higher sinigrin (glucosi-
nolate) content in resistant
plant tissue

Kordan et al. (2021)

B. napus (Brassicaceae)

Myzus persicae (Macro-
siphini)

Chemical

Whole plant tissue

No difference was detected
between the glucosinolate
profiles of susceptible and
resistant plants

Kordan et al. (2012)

Lupinus spp. (Fabaceae)

Ac. pisum (Aphididae)

Chemical

Whole plant tissue

Presence of derivatives of the
alkaloid lupanine resulted

in increased plant resistance
against aphids

Tetreault et al. (2019)

Sorghum bicolor (Poaceae)

M. sacchari (Aphididae)

Molecular

‘Whole plant material

Contrasting transcriptional
profiles were identified
between susceptible and
resistant plants

Koch et al. (2018)

Panicum virgatum (Poaceae)

Si. flava (Aphididae) and Sc.
graminum (Aphidini)

Chemical and molecular

Leaf tissue (chemical and
molecular)

Transcriptional differences
for some callose synthase
and B-glucanase genes were
detected between resistant
and susceptible plants

No differences in callose
deposition were detected
between susceptible and
resistant plants

Shugart et al. (2019)*

Citrus spp. (Rutaceae)

Diaphorina citri (Liviidae):
Psyllid

Chemical and nutritional

Leaf tissue (chemical and
nutritional)

Higher sugar composition in
resistant plants

Higher xylose 1 concentra-
tion in susceptible plants
Reduced a-galactose concen-|
tration in susceptible plants
Lower serine content in
resistant plants

Higher succinic acid in
susceptible plants

Nilaparvata lugens (Delpha-

Higher tricin concentration

(Euphorbiaceae): Occasional
(non)-host

Talinum triangularae
(Portulacaceae): Occasional
(non)-host

dococcidae): Mealybug

Zhang et al. (2017) Oryza sativa (Poaceae) cidae): Planthopper Chemical Leaf tissue in resistant plant leaves
Insects had a slight prefer-
ence for younger susceptible

Broekgaarden et al. (2011)"! | B. oleracea (Brassicaceae) Aleyrodes proletella (Aleyro- Chemical Volatile emission plants than resistant plants.

y . didae): Whitefly However, this effect was not
observed when plants were
older
Analysis of chemical com-
position of plants revealed
that cyanides were restricted

Manihot esculenta (Euphor- to true hosts, none of the
biaceae): True host plants contained detectable
M. esculenta x M. glaziovii amounts of alkaloids, flavo-
(Euphorbiaceae): True host noids did not differ between
Calatayud et al. (1994) Euphorbia pulcherrina, Phenacoccus manihoti (Pseu- Chemical Leaf tissue hosts and non-hosts,

whereas levels of phenolic
acids did with low levels
associated with susceptibil-
ity. The authors comment

on the role of phenolic acids
in cell wall structure that
could interact with mealybug
salivary oxidising enzymes

Table 1. Overview of the plant resistance mechanisms characterised in each study. Resistance mechanisms
have been grouped into one of four resistance categories.
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that were also highlighted in our analysis of the aphid dataset. A recent study has reported similar results under
experimental conditions.

Using a recently identified R-gene (SLII) in Arabidposis that is active against the peach potato aphid, Myzus
persicae®® researchers have shown that this R-gene is also effective against two additional aphid species (Myzus
persicae nicotinae and Brevicoryne brassicae) and a whitefly species (Aleyrodes proletella)'®. This provides sup-
portive evidence for our central finding that resistance mechanisms often have universal consequences across
multiple sap-feeding insect groups, and it could be hugely valuable for crop protection and food security if these
mechanisms are elucidated and deployed in a wide range of crop plants. Although generic wide-ranging resist-
ance mechanisms exist, and are often active against multiple insect groups, there is variation in the effectiveness
of these. However, resistance in SLII plants did not extend to two other insect species tested: the aphid Liaphis
erysimi and the whitefly Bemisia tabaci'®. More in-depth studies using multiple plant-insect combinations are
therefore required to elucidate the factors that influence the success of common resistance mechanisms in nature.
Unfortunately, due to the low level of study replication at the plant-insect species level, this cannot currently be
explored in great detail in our synthesis.

Non-host resistance represents the most common type of resistance found in nature, and therefore exploring
the mechanisms that contribute towards this resistance can help with developing resistant germplasm. Examining
the determinants of non-host resistance in order to develop resistant germplasm has been a focal area of plant
pathology research'®. Here our assessment indicates that the probing behaviour of sap-feeding insects is altered
when feeding on non-host plants, with feeding behaviour on non-host plants generally involving decreased pri-
mary plant sap ingestion and increased secondary plant sap ingestion, in-line with trends observed in literature?.
Interestingly, the trends of non-host resistance on the feeding behaviour of sap-feeding insects is similar to what
we observed for host-plant resistance: non-probing duration increases and primary sap ingestion decreases,
indicating that epidermal/surface factors and the vascular tissue are also key contributors of non-host resistance.
The shared resistance mechanisms we identified between host plant resistance (i.e. a resistant cultivar or variety
of a host plant species) and non-host resistance indicate that the underlying mechanistic processes are similar,
as was indicated in a recent study?’.

We observe that resistance mechanisms can be broadly grouped into four main categories and we identify
common trends that contribute to the observed resistance phenotype, specifically heightened abundance of
organic chemicals, higher leaf trichome density, and reduced amino acid content in resistant plants relative
to susceptible plants; a recent meta-analysis of induced anti-herbivore defences in plants has reported similar
findings**. However, as the number of studies included in our study that characterise the underlying resistance
trait is limited, this restricts the extent to which firm conclusions can be made; therefore, future studies should
focus on linking electrophysiological observations of insect feeding behaviour with mechanistic plant resistance
traits. Nonetheless, our findings are a significant advancement for the field of crop protection and herbivore-plant
interactions as our results indicate that the underlying resistance mechanisms active against multiple sap-feeding
insect groups are similar and, therefore, plants that are resistant to a wide range of sap-feeding herbivorous insect
groups can be readily developed and deployed.

Characterisation of differential physical, biochemical, and molecular traits between susceptible and resistant
plants can help to identify mechanisms that confer resistance against sap-feeding insects. Generally, resistance
mechanisms that are active against insects can be broadly classified into whether the resistance is based on antix-
enosis (deterrence) or antibiosis (in-planta resistance)*. Although no singular definition of what contributes
a specific resistance category exists, a well-established definition of the different potential resistance categories
include three main groups: chemical deterrence of insect settling and feeding; physical barriers to insect attach-
ment, feeding, and oviposition; and reduced plant palatability*. By the definition of the experimental setup, EPG
studies can only directly identify resistance mechanisms that operate through antibiosis and can only directly
detect physical barriers to insect attachment or/and mechanisms that operate through reduced plant palatability.
Only 23 of the 92 host-plant resistance studies and one of the 16 non-host plant resistance studies carried out
complementary experiments to identify the potential underlying resistance mechanisms, which limits the extent
to which comparisons can be made. It is clear here that further work is needed linking the EPG method to studies
on plant chemistry, genetics and, physiology to elucidate the sap feeding insect-plant interaction.

Our synthesis of the resistance traits in the sub-set of studies that characterised the underlying resistance
mechanisms are in line with our findings that leaf epidermis/surface (physical defences'®) and vascular tis-
sue (chemical or nutritional defences) are key to the plant resistance mechanism to sap feeding insects, and
that these might also be commonly deployed. From the studies examined, the most widely reported resistance
mechanisms involved chemical resistance, followed by physical defences. Most studies examining chemical-based
defences used whole-tissue sampling processes, so it is not possible to allocate these resistant traits to a specific
plant tissue layer, however a recent study highlighted the role of chemical defence mechanisms in contributing
towards resistance against multiple arthropod groups: Shavit et al.*® showed that wheat plants where a key ben-
zoxazinoid synthesis gene, BX6, was silenced had higher levels of infestation of the cereal aphid, Rhopalosiphum
padi, and the two-spotted spider mite, Tetranychus urticae, when compared with empty vector control plants.
This provides supportive evidence for the role of plant chemical compounds in conferring broad-scope resistance
against herbivorous arthropods, specifically for arthropods that feed though unique processes that require an
intricate relationship with the host plant. Indeed, in their study the fitness of the chewing insect, the Egyptian
cotton leafworm, Spodoptera littoralis, was not increased significantly on BX6 silenced plants*.

Differences in the nutritional profiles between susceptible and resistant plants were the most uniform across
the studies, highlighting the role of the vascular tissue in conferring resistance in plants against sap-feeding her-
bivorous insects'. A total of five studies screened for nutritional differences, four of these studies examined plant
amino acid content and reported similar trends across two plant families (Poaceae and Cucurbitaceae): amino
acid palatability of resistant plants is lower than the amino acid palatability of susceptible plants. Decreasing
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palatability is a key resistance category*®, and as sap-feeding insects feed by syphoning away plant sap, resistance
factors that are present and active within the plant sap, or in the vascular tissue, likely represent a key mechanism
through which resistance is delivered. Resistance mechanisms active in this tissue have been described against
multiple sap-feeding herbivorous insect groups: reduced amino acid content contributes towards aphid resistance
in barley*! and other Poaceae species®, higher sugar composition and lower serine content have been described
in Citrus spp. that are resistant to psyllids®, and sieve element occlusion is a well reported resistance mechanism
in Cucurbitaceae that helps to restrict phloem feeding from aphids?. Together these findings indicate that our
observed common consequences of plant resistance on insect feeding are likely caused by the presence of similar
resistance traits that act through common mechanistic processes.

Conclusion

Our meta-analysis and synthesis show that the resistance mechanisms deployed by resistant plants against sap-
feeding herbivorous insects have common consequences on the feeding behaviour of the target insect group, with
resistant plants increasing the non-probing period of herbivorous insects and reducing the duration insects spend
ingesting primary plant sap. However, the number of studies that characterise the underlying resistance trait is
limited, which restricts the extent to which conclusions can be made and trends can be observed. In order to
address this we propose that researchers deploy a greater combination of detailed electrophysiological monitoring
of insect feeding behaviour with mechanistic assessment to identify the underlying physical, biochemical, and
molecular processes that underpin the resistance phenotype. Our analysis indicates that these underlying traits
are conserved across plant families and active against multiple sap-feeding herbivorous insect groups and that
the underlying resistance mechanisms can be successful in conferring broad-scope resistance against multiple
sap-feeding herbivorous insect groups. One interesting avenue for future research would be the combination
of electrophysiology with single-cell RNA sequencing; this would enable researchers to identify the molecular
processes contributing towards resistance traits within the tissue of interest.

Materials and methods

In the sections below we have detailed the statistical processes used to analyse our data. For a more comprehen-
sive and detailed description of meta-analysis methods and techniques we recommend the Cochrane Handbook
for Systematic Reviews series of training books. Additionally, Culina et al.*” and Koricheva et al.*® provide detailed
insights for meta-analyses in the ecological and biological sciences.

Literature search and meta-analysis. Search criteria. The search terms (“Electrical penetration graph”
OR “EPG”) AND (“Resistance” OR “Def” OR “Tolerance”) were used to conduct a literature search of the Web of
Science and Scopus databases (with a publication cut-off date of December 2020). Two databases were screened
as the overlap of publications between Web of Science and Scopus is c. 40-50%*.

A total of 998 papers were identified. To be considered for inclusion in the analysis, papers had to satisfy the
following initial criteria: (1) to be primary literature presenting EPG data of at least one insect species when feed-
ing on a resistant, partially-resistant, or tolerant plant type (hereafter referred to as the ‘resistant’ plant) relative
to a susceptible plant (‘susceptible’); (2) present the responses so that an estimation of the treatment differences
could be determined alongside an estimate of the variation. A total of 295 studies satisfied these criteria, with
129 unique studies remaining after duplicates were removed, with 108 reporting data in an extractable format.
These studies comprised 92 host-plant resistance studies and 16 non-host resistance studies. The PRISMA dia-
gram is displayed in Fig. 6.

Host-plant resistance studies reported the effects of plant resistance on the feeding behaviour of six agri-
culturally and horticulturally important insect groups: aphids (n="76 studies), chinch bugs (n=1), leathoppers
(n=3), planthoppers (n=4), psyllids (n=1), and whiteflies (n=7). Due to the low number of studies reporting
host-plant resistance on insect feeding responses for several of the extracted insect groups, meta-analysis was
only conducted for aphids, with the other insect groups assessed qualitatively.

The non-host plant resistance studies reported the feeding behaviour of five insect groups: non-host plant
resistance studies were pooled and analysed through meta-analysis without separation into distinctive insect
groups.

Selection of EPG parameters for inclusion in the analysis. EPG waveform data are generally catego-
rised into several phases. For aphids, these are generally classed as non-probing (np), pathway phase (C phase),
intracellular punctures (pd), derailed stylet mechanics (F phase), xylem ingestion (G phase), salivation into the
phloem (E1 phase), phloem ingestion (E2), and sustained phloem ingestion (sE2; E2 for a period > 10 min).
These characterisations follow established data processing pipelines'®*. EPG nomenclature can differ between
insect groups, even though the categories are often synonymous with the aphid classifications. To ease data
analysis and interpretation we standardised the waveform definitions across all insect groups. Table 2 shows
the standard waveform definitions for each insect group, the plant tissue responsible for the waveform, and our
standardised definition. This approach enabled us to explore common themes of plant resistance across different
insect groups without overcomplicating the terminology used.

EPG datasets can exceed >100 individual parameters, however, not all data are reported in each study and
data often contain overlapping parameters. In order to facilitate comparisons data on key feeding behaviour
variables were extracted from parameters that reported the time until the first observation of each EPG phase
and the total recorded duration for each EPG phase. This produced two datasets per insect group (“Time to
First Event” and “Duration of Event”) which were sub-set across the main EPG phases (np, C, pd, E, G, E1, E2,
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Figure 6. PRISMA diagram. This image was created with BioRender.com.

sE2). EPG studies also report on the total number of EPG events, however these patterns closely follow trends
observed for our “Duration” data.

Data extraction. Insect feeding data were extracted from EPG studies that reported insect feeding behav-
iour on resistant and susceptible plants, or for the non-host studies from host and non-host plants. The mean
value and standard deviation was extracted, or estimated, for each study. Data were extracted from the reported
data or estimated from figures using WebPlotDigitizer v.4.2 (A. Rohatgi, 2019. Weblink: https://automeris.io/
WebPlotDigitizer). Where median and interquartile ranges were reported, means and standard deviation were
estimated following®”*®. Where standard error was reported, the standard deviation was calculated.

Where the same resistant plant was reported in multiple studies, for example the Nasonovia ribisnigri resist-
ant lettuce variety Corbana® % and the Rhopalosiphum padi resistant wild relative of barley Hsp5*"®!, data were
extracted from the study with the fewest contrasting experimental variables or, if all studies were similar in their
design, the study that reported the greatest number of EPG variables. Studies often presented results on the
feeding behaviour of multiple insect species for the same plant type?. When this occurred, data were extracted
separately for each insect species. The effect size, Hedges’ g® was calculated in R (v.4.0.3) using the esc package
(v.0.5.1).

Datasets produced. Aphid host-plant resistance dataset.  Our aphid data contained results from 76 studies
(Supplementary File 1). Extracted data covered 27 aphid species (Supplementary Table 1) and 28 host plant spe-
cies (representing 11 plant families). The aphid data were divided into two sub-datasets (“Time to First Event”
and “Duration of Event”), and each sub-dataset was assessed at the different waveform levels (corresponding to
the aphid EPG waveform characterisation; Table 2). See Supplementary Table 2 for the number of datapoints
included for each waveform for each sub-dataset.

Non-aphid host-plant resistance dataset. Our non-aphid host-plant resistance dataset (i.e., data extracted from
the chinch bug, leathopper, planthopper, psyllid, and whitefly studies) contained data from 16 studies (Supple-
mentary File 2). Data covered nine insect species across 5 plant families (Supplementary Table 3).

Non-host resistance dataset. Our literature search also identified a range of non-host resistance studies. This
dataset comprised data from 16 studies (Supplementary File 3). Studies included data on non-host resistance
in aphids (1 =10), mealybugs (n=1), planthoppers (n=2), sharpshooters (n=1), and whiteflies (n=2); see Sup-
plementary Table 4 for a description of all insect and plant species included. Waveform characterisations were
coded to match the EPG codes used in aphid EPG studies (see Table 2), extracted data covered np, C, E, G, E1,
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Insect group | EPG waveform | Plant tissue involved/insect behaviour Comparable aphid waveform (standardised definition)
Np phase None/insect on the plant but not probing plant tissue np
C phase Epidermal and mesophyll/insect probing plant tissue C
pd phase Mesophyll/puncture of plant cells by insect pd
F phase Mesophyll/stylet penetration difficulties F
Aphid
G phase Xylem/ingestion of xylem sap G
E1 phase Phloem/salivation into phloem El
E2 phase Phloem/ingestion of phloem E2
sE2 phase Phloem/sustained ingestion of phloem sE2
71 phase None/insect not on the plant np
72 phase None/insect on the plant but not probing plant tissue np
G1 phase Epidermal and mesophyll/insect probing plant tissue and secretion of saliva into C
G2 phase mesophyll tissue C
Chinch bug H phase Essigjlr;?:ilszgg mesophyll/insect probing plant tissue, start of penetration into c
N Phase Vascular/Salivation into a vascular cell N/A
] Phase Phloem/penetration of phloem sieve element and salivation into phloem El
J-I1 Phase Phloem/ingestion of phloem sap mixed with salivation E1/E2
J-12 Phase Phloem/ingestion of phloem sap E2
NP None/insect on the plant but not probing plant tissue np
R Epidermal and mesophyll/insect §tylet is inserted into plant tissue but insect is at c
rest and not progressing penetration
A Epidermal and mesophyll/insect begins probing of plant tissue C
Leathopper C Epidermal and mesophyll/insect ingestion of mesophyll sap C
N Phloem/salivation into phloem El
E Phloem/ingestion of phloem E2
F Phloem/difficult ingestion of phloem E2
NP None/insect on the plant but not probing plant tissue np
NI, N2, N3 Epidermal and mesophyll/insect probing plant tissue C
N4-a Phloem/salivation into phloem El
Planthopper N4-b Phloem/ingestion of phloem E2
N5 Xylem/ingestion of xylem sap G
N6 Mesophyll/stylet penetration difficulties F
N7 Mesophyll/puncture of plant cells by insect pd
NP None/insect on the plant but not probing plant tissue np
Epidermal and mesophyll/insect penetration of plant tissue, sheath salivation C
B Epidermal and mesophyll/sheath salivation C
Epidermal and mesophyll/continued sheath salivation and mesophyll probing C
Psyllid D Mesophyl} and phlogmlputgtive salivation outside of phloem cell and putative El
contact with and salivation into phloem
El Phloem/salivation into phloem El
E2 Phloem/ingestion of phloem E2
G Xylem/ingestion of xylem sap G
np None/insect on the plant but not probing plant tissue np
A Epidermal and mesophyll/initial contact with plant tissue C
C Epidermal and mesophyll/insect probing plant tissue C
pd Mesophyll/puncture of plant cells by insect pd
Whitefly
E(pdl) Phloem/salivation into phloem El
E(pd2) Phloem/ingestion of phloem E2
F Mesophyll/stylet penetration difficulties F
G Xylem/ingestion of xylem sap G
Continued
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Insect group | EPG waveform | Plant tissue involved/insect behaviour Comparable aphid waveform (standardised definition)
zZ Non-probing np
Al Pathway C
Bl Pathway C
B2 Pathway C
Sharpshooter | C Ingestion E2
G Resting N/A
R Resting N/A
M Intoxication N/A
N Nonpathway interruption N/A

Table 2. Common codes used to normalise the variation within EPG waveform nomenclature. All

EPG waveform codes were coded to follow the standard aphid EPG codes. Psyllid EPG groupings were
described in*! Chinch bug waveform descriptions followed??, Leathopper characterisation®, planthopper
characterisations®, whitefly characterisations®, and sharpshooter characterisation®®. Note that for the
sharpshooter studies xylem ingestion was coded as E2 to represent ingestion of the primary plant sap these
insects feed from. N/A denotes species-specific waveforms where there is no comparable aphid waveform.

E2, and sE2 phases. Data were divided into two sub-datasets (“Time to First Event” and “Duration of Event”) and
only waveforms with n >3 were included in the quantitative analysis (see “Supplementary Table 5” for details on
the number of datapoints for each waveform in each sub-dataset). Non-host data were categorised by whether
non-host resistance was determined at the plant level (one insect species on a host and non-host plant) or the
insect level (two related insect species with contrasting levels of success on the same plant).

Statistical analysis: meta-analysis of aphid host-plant resistance and insect non-host resist-
ance studies. In order to determine whether any biologically relevant factors might influence aphid interac-
tions with resistant plants the extracted data were grouped at biologically relevant scales. Plant family groupings
were based on the family of the test plant species (Poaceae, Brassicaceae etc.,), families with fewer than n= <3
replicates were grouped into “Other”. Data were further categorised based on the biology of the test aphid spe-
cies, either into specialists (aphid with a host range consisting only of plant species from one plant family), mod-
erates (aphids with a host range comprising species from between 2 - 20 plant families, or generalists (aphids
with a host range containing species from >21 plant family). Data were analysed in R v.4.0.3 using additional
packages meta v.4.15-1%, metafor v.2.4-0%. Each dataset was divided into a series of sub-datasets, with one sub-
dataset for each EPG phase.

For the aphid host-plant resistance dataset and the non-host resistance dataset, each sub-dataset was ana-
lysed using a random-effects meta-analysis model fitted with restricted maximum likelihood distribution. Study
number was included as a random effect in each model and all models were weighted using an inverse-variance
weighting method to account for within-study and between-study variation.

The aphid sub-dataset were subjected to additional subgroup analysis® to identify any differences amongst
the different plant families or between aphid species with contrasting host-ranges. Subgroup analysis involved
building two additional models, the plant family and aphid host-range model, each including either plant family
or host-range as a model moderator. Moderator testing (Wald-type test) was carried out to identify differences
between plant family or host-range (aphid specialism).

Accounting for heterogeneity and publication bias. Heterogeneity in the meta-analyses was calcu-
lated using the I? statistic (the percent of total variability that is due to among-study heterogeneity), as suggested
by®¢”. Madden et al.,®® recommend that datasets containing large estimates of heterogeneity should employ a
random-effects modelling approach in order to account for high heterogeneity. The I* values observed for our
various models ranged between 31 and 91%, therefore our random mixed-effects modelling approach is justi-
fied. Publication bias in each model was analysed through a rank correlation test for funnel plot asymmetry. The
funnel plots for each model are displayed in Supplementary Fig. 1.

Qualitative analysis of non-aphid host-plant resistance data. Due to low levels of replication for
the other non-aphid insect groups (n=1-7), these data were not suitable for individual quantitative meta-analy-
sis, so these were assessed qualitatively. To achieve this, data were extracted from each study and the mean effect
of plant resistance on each EPG phase for each insect group was observed.

Data availability

Data and code used in this study can be provided upon request.
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