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Abstract

Aphids are serious pests of agricultural and ornamental plants and important
model systems for hemipteran—plant interactions. The long evolutionary
history of aphids with their host plants has resulted in a variety of sys-
tems that provide insight into the different adaptation strategies of aphids to
plants and vice versa. In the past, various plant-aphid interactions have been
documented, but lack of functional tools has limited molecular studies on
the mechanisms of plant—aphid interactions. Recent technological advances
have begun to reveal plant—aphid interactions at the molecular level and to
increase our knowledge of the mechanisms of aphid adaptation or specializa-
tion to different host plants. In this article, we compile and analyze available
information on plant-aphid interactions, discuss the limitations of current
knowledge, and argue for new research directions. We advocate for more
work that takes advantage of natural systems and recently established molec-
ular techniques to obtain a comprehensive view of plant-aphid interaction
mechanisms.
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Zig-zag model:

a model to explain the
plant immune system
by induction and
suppression of plant
immunity by
biotrophic pathogens

Pathogen-associated
molecular patterns
(PAMPs): conserved
(slowly evolving)
molecular patterns
associated with
pathogens and
detected by plants;
examples include
bacterial
lipopolysaccharides,
flagellin, fungal chitin,
and elongation factor
Ta

Pattern-triggered
immunity (PTI): a set
of plant responses,
such as ROS
production, triggered
by the recognition of
PAMPs by
membrane-localized
pattern recognition
receptors

Effector-triggered
immunity (ETI): a set
of plant responses
triggered by the
recognition of
pathogen effectors

Biotype: a group of
individuals sharing a
similar genotype, such
as a particular
plant-specialized
population of an insect
species

Host alternation:
obligate migration
between host plants of
distinct botanical
families, such as
between woody and
herbaceous hosts
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1. INTRODUCTION

Plant-insect interactions first evolved approximately 400 million years ago (112), driving selec-
tion on plants to reinforce and reinvent their defenses and on insects to develop new mechanisms
to overcome them or to exploit new plant species (6, 26, 63). However, the molecular mecha-
nisms that underlie the adaptation and specialization of an insect to a specific plant and those
that allow a generalist insect to feed on a wide range of plant species remain relatively poorly
understood. To understand plant-insect interactions at the molecular level, in particular, those
involving sap feeders, we usually refer to the concepts developed in research on plant-microbial
pathogen interactions because more studies have been done in this field (43, 53). However, there
is no established model to explain the host specificity of pathogens and resistance of plants to
nonadapted pathogens (nonhost resistance). Based on the zig-zag model (50), plants recognize
pathogen-associated molecular patterns (PAMPs) that induce pattern-triggered immunity (PTT).
However, host-specialized pathogens can secrete effector proteins to overcome PTI without trig-
gering effector-triggered immunity (ETT). Nonhost resistance may consist of PTI and ETI but
also a combination of many other plant-specific constitutive defenses; thus, knowledge of nonhost
resistance developed in one plant system may not be applicable to others. Unlike pathogens, in-
sects have evolved a large repertoire of behaviors to locate and exploit their host plants, as well as a
wide range of feeding strategies. Therefore, relying on the models established for plant-microbe
interactions can limit understanding of plant-insect interactions. Recently, next-generation se-
quencing has expanded research beyond model organisms and provided an unprecedented wealth
of genomic and transcriptomic information. Thus, we now have the tools to study various natu-
rally occurring systems and examine the different mechanisms that determine the compatibility of
plant-insect interactions. In this review, we focus on aphids because they belong to an important
group of insect herbivores on which a significant amount of knowledge has accumulated recently.

Aphids are phloem-feeding hemipterans that belong to the superfamily Aphidoidea, among
which many species cause huge economic losses either directly through sap ingestion or indirectly
by transmitting plant viruses. Most aphid species are specialized to a few host plants belonging
to a single family or closely related taxonomic families, and only fewer than 1% of species can
feed on plants belonging to several taxonomic families (69, 95). Within aphid species, it is com-
mon to find some host plant-based genetic differentiation between populations, resulting in the
existence of multiple biotypes specialized to feed on a limited number of host plants. In addition,
host alternation, which is present in approximately 10% of aphid species (82), is a striking example
of the ability of aphids to accommodate unrelated plants with distinct chemistry. These diverse
aphid-plant interactions provide valuable systems for understanding the molecular mechanisms
of host adaptation. Currently, most of the knowledge on molecular plant-aphid interactions has
been found using model systems, such as the green peach aphid, Myzus persicae, and the thale cress,
Avrabidopsis thaliana, although this interaction is rare in nature. In addition, previous studies have
mostly focused on plant resistance against aphids (44, 87, 146) but rarely investigated the mecha-
nisms underlying aphid adaptation strategies in different plant-aphid systems. In this review, we
summarize the main challenges of aphid colonization and how host-adapted aphids overcome
them. We then give an overview of the potential mechanisms that contribute to promoting aphid
variation in plant use and finally propose avenues for future research on plant—aphid interactions.

2. CHALLENGES FOR APHIDS TO FEED ON NEW PLANTS

Aphids face several challenges to exploiting their host plants. First, they use specific cues to rec-
ognize hosts among nonhosts. Physical and chemical barriers in plants thus prevent aphids from
establishing a feeding site. Various plant defense responses and toxic metabolites also provide
resistance to aphids. These challenges are detailed in this section.
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Figure 1

Challenges for aphids in feeding on new plants. Volatiles released from plants are crucial cues for aphids to recognize their hosts. After
landing on a plant, wax and trichomes on the leaf surface could act as barriers to aphid infestation. When aphids probe plants, plant
immune receptors may recognize aphid molecules to trigger pattern-triggered immunity (PTI), but the defense response can be
suppressed by aphid salivary effectors. Some plants may also produce resistance proteins that recognize some aphid effectors and
trigger effector-triggered immunity (ETT). Phloem proteins in certain plant species can block phloem flow to inhibit aphid ingestion,
but adapted aphids can effectively avoid this. Plants produce toxic secondary metabolites that reduce aphid fitness. However, adapted

aphids can deal with toxic compounds through a range of detoxifying systems.

2.1. Long-Distance Identification of Host Plants by Aphids

In addition to visual signals, volatiles emitted by plants are important cues for aphids to find host
plants in environments that are usually complex in terms of diversity and spatial arrangement
(Figure 1). Laboratory and field studies indicate that aphids can recognize host and nonhost
volatiles (99), which would influence their flight behavior (89). Volatiles that are attractive or
repellent to aphids were also identified in various plants. For example, the mixture of 15 active
compounds identified from broad bean were attractive to the black bean aphid, Apbis fabae (137).

Multiple chemosensory proteins (CSPs) and odorant-binding proteins (OBPs), olfactory re-
ceptors (ORs), and gustatory receptors (GRs) are likely involved in distinguishing volatiles from
host and nonhost plants. The corresponding genes for these proteins and receptors have been re-
cently identified in some aphid species (54, 136). Transcriptomic analysis showed that many OBPs
are highly expressed in heads or antennae, which indicates that they play roles in detecting envi-
ronmental molecules (54, 136, 141). The aphid alarm pheromone, (E)-B-farnesene, is produced
not only by aphids but also by several plant species and is hypothesized to repel aphids (99). Wang
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et al. (134) reported recently that three OBPs, MperOBP3/7/9, coordinately mediate M. persicae
response to (E)-B-farnesene, suggesting a mechanism by which aphids might recognize various
plant volatiles using a limited number of OBPs.

2.2. Establishment of a Feeding Site

After landing on a plant surface, aphids penetrate plants with their stylets to establish a feeding
site, a step that is influenced by several plant barriers and cues (Figure 1). Trichomes can act as
barriers and enhance plant resistance to aphids on potato, cotton, and tomato. Such resistance
may be mediated by glandular trichomes, which synthesize and secrete various metabolites (107).
Epicuticular waxes also provide a barrier against nonadapted aphids. Stripping epicuticular waxes
from a nonhost plant oat promotes an earlier stylet penetration of A. fabae than on unstripped
plants (103). Stylet penetration by A. fabae was delayed when a major lipid component of oat
epicuticular lipids, 1-hexacosanol, was applied, indicating that epicuticular lipids are involved in
the sensing of nonhost plants (103).

Once aphid stylets penetrate plant tissues to find the phloem, cues such as sugar concentra-
tion and pH are important for their navigation to vascular tissues (42). Adapted aphids can easily
penetrate mesophyll to reach phloem without much probing, but nonadapted aphids may repeat-
edly probe or even avoid probing when they are on nonhost plants. The bird cherry-oat aphid,
Rbopalosiphum padi, displays more frequent probing behavior on the nonhost plant Arabidopsis than
on the host plant barley, and stylet penetration is limited to mesophyll (28). The clover- and alfalfa-
adapted biotypes of the pea aphid, Acyrthosiphon pisum, have shorter penetration time on their
nonhost plants (10), and plant factors in mesophyll and sieve elements may play critical roles in
the determination of host specificity (113). These results suggest that lack of phagostimulants
and/or the presence of some barriers prevent nonadapted aphids from reaching the phloem (see
the sidebar titled Aphid Feeding Behavior).

Nutrient content may also affect host plant selection by aphids. A study using an electrical
penetration graph (EPG) showed that nitrogen and sugar concentrations are important cues used
by aphids to assess plant quality (42). For example, M. persicae prefers to settle and shows longer
phloem ingestion time on young cabbage leaves, which contain higher amino acid to sugar ratios
than older leaves (11). However, several studies suggest that plant nutrients play less important
roles in host selection and acceptance by aphids than the other cues presented above (104).

2.3. Overcoming Further Plant Defenses

Plants have developed different lines of defense that can involve the immune system and induced
or constitutive metabolites that are toxic for aphids. These lines of plant defense are presented in
this section.

APHID FEEDING BEHAVIOR

Aphid feeding behavior can be studied using an electrical penetration graph (EPG), which is a system to create an
electrical circuit using a live aphid and a plant and record the waveforms of the electric signal. When the aphid inserts
its stylets into a plant, the circuit is formed, and an electric signal is observed. Aphids produce specific waveforms
when the stylets navigate through plant tissues, salivate, and establish feeding at phloem sieve cells. When the
waveforms are recorded for several hours, the proportion of time spent on each feeding step can be examined and
compared between different aphids or conditions.
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2.3.1. Innate immunity against aphids. Pathogen recognition has been well studied in plants;
PAMPs such as conserved peptide sequences of flagellin (36), elongation factor Tu (145), or chitin
(80) are recognized by plants and induce PTT. Microbial recognition usually requires a coreceptor Reactive oxygen
such as BRASSINOSTEROID INSENSITIVE1-ASSOCIATED KINASE1 (BAK1) and signal species (ROS): highly
transmission by mitogen-activated protein kinase (MAPK)-signaling cascades and cytosolic cal-  reactive molecules
cium elevation. This signaling induces the production of reactive oxygen species (ROS), callose  containing oxygen;
deposition, defense hormone accumulation, and immune marker gene expression (88). Several  they are toxic to
aphid-related molecules have been shown to induce plant PTI-like responses, and some PTT com- ?;ggﬁj :énisnazds:f
ponents work against both pathogens and aphids (Figure 1). For example, BAKI induces rapid .. < juction g
elevation of cytosolic calcium in epidermal and mesophyll cells surrounding the M. persicae pene-
tration site by mediating the activation of both plasma membrane and vacuolar ion channels (132).
In addition, the legume specialist A. pisum survives longer on the bak1-5 mutant than on wild-type
Arabidopsis, which indicates that BAK1 also confers nonhost resistance (105). Several aphid salivary
proteins were identified as inducing the PTI-like responses, including the Macrosiphum euphorbiae
effector, Me47, which induces the expression of PAMP-responsive genes in tomato (56).

Chitin is a primary component of fungal cell walls but also of aphid exoskeleton. Although
stylets are usually covered by gel saliva during penetration (129), chitin may come into contact
with plant cells during aphid feeding. However, aphid extract that contains chitin induces ROS
production in the Arabidopsis fls2/efr1/cerkl triple mutant, which cannot recognize PAMPs in-
cluding fungal chitin (105). This result suggests that Arabidopsis may use unknown receptors to
recognize aphid chitin or some other aphid-derived elicitors. In addition, many plant cell wall-
degrading enzymes, including cellulases and pectinase, are found in gel saliva, and compounds
from digested plant cell walls, such as oligogalacturonides, may trigger local defense (129, 139).

2.3.2. Hormone-mediated defense reactions. Induction of PTI usually involves the accu-
mulation of phytohormones such as salicylic acid (SA) and jasmonic acid (JA) and activation of
downstream signaling pathways. SA or JA accumulation could induce defense gene expression,
secondary metabolite production, cell death, or even systemic acquired resistance, which confer
resistance against various pathogens and herbivores. Induction of SA by aphid infestation was re-
ported in various plant species (13, 68, 81). For example, the cotton aphid, Aphis gossypii, induces
the expression of SA biosynthesis and signaling genes in zucchini, and the application of methyl-
SA reduces the number of A. gossypii individuals on the plants (18). JA usually acts antagonistically
to SA, and responds to wounding or necrotrophic pathogen infection. Although aphid stylet in-
sertion does not cause significant wounding, aphid infestation can activate JA signaling pathways
in certain plant species (72, 111). Application of methyl-JA on the plant surface also confers aphid
resistance in some plant species: Methyl-JA treatment reduces fecundity of the blue alfalfa aphid,
Acyrthosiphon kondoi, on Medicago truncatula cultivar A17 but not on Jester (34), and M. persicae ex-
hibits reduced reproductive rate on methyl-JA-treated Arabidopsis (24). The timing and strength
of phytohormone response to aphid infestation may vary among plant-aphid interaction systems.
Weaker SA and JA induction was observed in various legumes infested by adapted A. pisum bio-
types compared with nonadapted biotypes (111). However, another study showed clear induction
of SA and JA in pea plants infested by pea-adapted aphids (72). These contrasting results may
be due to the different cultivars used or variation in other experimental conditions such as aphid
abundance. The diversity in plant SA and JA responses emphasizes the complexity of defense
hormone signaling in aphid resistance.

In addition to SA and JA, involvement of other phytohormones such as ethylene, abscisic acid,
and gibberellic acid in plant responses to aphid infestation is indicated. We invite interested readers
to find more information in excellent reviews (e.g., 27, 83).
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Resistance (R) genes:
involved in
recognition of
effectors and
conferring resistance
to the parasite; often
encode nucleotide-
binding site and
leucine-rich repeat
(NBS-LRR) proteins

Effectors: molecules
(often proteins)
released by parasites
into host plants to
alter the biological
processes of the host
to promote infection

Genome-wide
association study
(GWAS): study to
detect associations
between genetic
variants and
phenotypic traits such
as insect resistance in
plants

Phytoalexin:
molecules produced by
plants that have toxic
effects on the parasite
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2.3.3. Resistance genes and their encoded proteins. In addition to the aforementioned im-
mune responses, resistance (R) genes protect the plant against specific pest species or biotypes
(Figure 1). R proteins may activate JA and SA signaling or ROS production to inhibit aphid feed-
ing. Tomato M;i-1 was the first R gene against aphids to be cloned. It encodes a nucleotide-binding
site and leucine-rich repeat (NBS-LRR) protein (79, 110), which is involved in the recognition
of pathogen effectors. Mi-1 is constitutively expressed in both roots and leaves (20) and confers
resistance to M. euphorbiae, the nematode Meloidogyne incognita, and the whitefly Bemisia tabaci
via MAPK and SA signaling pathways (68). Vat is another cloned R gene from melon and also a
member of the NBS-LRR family. It confers resistance to both A. gossypii infestation and A. gossypii—
mediated virus transmission (22). Other NBS-LRR genes associated with aphid resistance have
been reported, highlighting their importance in plant defense against these insects. This is the
case for the Rag6 and Rag3c loci in soybean, which contain three and one NBS-LRR genes, re-
spectively, and other genes conferring resistance to Apbhis glycines (143). A lettuce locus, Ra, which
is linked to an NBS-LRR cluster, confers resistance to the aphid, Pemsphigus bursarius, and silencing
the NBS-LRR genes in the locus reduces the resistance against the aphid, indicating involvement
of the NBS-LRR genes in P. bursarius resistance (140). Unlike these R genes, which exist in specific
cultivars and work against host-adapted aphids, the RAPI locus in M. truncatula confers resistance
against the 4. pisum pea-adapted biotype but not against the Medicago-adapted biotype, indicating
that it plays a role in nonhost resistance (119).

Although several R loci and genes were identified in different plant species, it is still not clear
how they recognize aphid attacks. The aphid components that activate R proteins also remain to

be identified.

2.3.4. Phloem-localized proteins. Several phloem proteins function to control sap flow, which
may influence aphid feeding (Figure 1). Forisomes are Fabaceae-specific proteins that form a
spindle-shaped complex located in sieve tubes (97). Rapid calcium elevation in response to envi-
ronmental stimuli can trigger dispersion of forisomes, which block sap flow (98). The generalist
aphids M. persicae and M. euphorbiae trigger the phloem occlusion by forisomes when feeding on
broad bean, resulting in the withdrawal of their stylets or additional salivation, but this is not
observed in A. pisum, which is adapted to broad bean (78).

SIEVE ELEMENT-LINING CHAPERONEI (SLI1), a small heat shock-like protein, was
identified by a genome-wide association study (GWAS) of aphid behavior on Arabidopsis ecotypes
(60). SLI1 does not seem to occlude sieve tubes, but M. persicae and the cabbage aphid, Brevicoryne
brassicae, produce more offspring on s/i] mutants than on wild-type Arabidopsis (61). SLI1 local-
izes at sieve element margins and is thought to limit phloem ingestion by aphids by anchoring
organelles and phloem proteins (61).

2.4. Toxic Secondary Metabolites

Many plant secondary metabolites are important defense molecules against pathogens and herbi-
vores. These metabolites can be transported via the phloem and ingested by aphids (Figure 1).
Camalexin is a phytoalexin known to contribute to plant defense against microbial pathogens and
also aphids (2). Infestation of Arabidopsis by B. brassicae induces the expression of camalexin biosyn-
thesis enzymes like PAD3, and aphid fecundity is enhanced in the pad3-1 mutant (64). Feeding
behavior monitored by EPG shows that M. persicae more easily establishes phloem feeding in
the mutant of pze9, which contains lower basal levels of camalexin (59), and of pad4, which does
not synthesize camalexin (96). Myzus persicae fecundity is reduced when it is fed on an artificial
diet containing camalexin, confirming camalexin’s toxicity (55). Glucosinolates compose another

Shibh o Sugio e Simon



Annu. Rev. Entomol. 2023.68:431-450. Downloaded from www.annualreviews.org
Access provided by Universite Rennes 1 on 05/30/23. See copyright for approved use.

important class of defense metabolites in Brassicaceae, and their toxicity is enhanced when they are
hydrolyzed into isothiocyanates by myrosinase upon attacks by pathogens or insects. The concen-
tration of an indole glucosinolate, 4MI3M (4-methoxy-indol-3-ylmethyl-glucosinolate), increases
in M. persicae fed on Arabidopsis and cabbage, and aphid fecundity is reduced on an artificial diet
containing indole glucosinolate and myrosinase (57, 58). These results suggest that both indole
glucosinolates and their hydrolysis products such as isothiocyanates play major roles in resistance
to M. persicae. Plant alkaloids such as nicotine also demonstrate toxicity to aphids. For example, the
fecundity of a non-tobacco-adapted M. persicae lineage, but not that of the tobacco-adapted one,
was totally inhibited when it was fed on an artificial diet containing 100 wM nicotine (106). Car-
denolides, which are produced in many Apocynaceae species, such as milkweeds, inhibit Nat/K*
ATPase and confer toxicity to aphids (1). Cardenolide concentration of Asclepias curassavica is in-
fluenced by the oleander aphid, Aphis nerii, in a density-dependent manner (73), and the fitness
of A. nerii is negatively correlated with cardenolide concentration in various milkweed plants (7).
Although the aforementioned defense metabolites confer resistance to aphids, it is not known if
and how reactions such as PTT and ETT regulate the production of these metabolites. In addition,
it remains to be determined whether the concentration of defense metabolites is high enough in
the phloem to ensure resistance to aphids.

3. MECHANISMS OF APHIDS TO OVERCOME PLANT DEFENSES

Although plants use a variety of strategies to protect themselves from aphids, adapted aphids are
able to overcome them. Counterstrategies used by aphids involve suppressing plant defense and
detoxifying or sequestering toxic metabolites. In this section, we present the current knowledge
on these strategies.

3.1. Evidence for Suppression of Plant Defenses

Aphids have evolved various strategies to manipulate host plant immunity or to avoid recognition.
Whereas the infestation by an avirulent clone of M. persicae induces expression of ROS-production
genes in pepper, virulent clones induce ROS-scavenging genes and repress ROS-production genes
in pepper (121). Co-infestation of a virulent and an avirulent biotype of the lettuce aphid, Nasonovia
ribisnigri, increases the phloem-feeding duration of the avirulent biotype on the resistant cultivar
of Lactuca sativa (124). Manipulating SA and JA accumulation and signaling pathway activation is
one way for aphids to overcome host plant immunity. The JA, but not the SA, signaling pathway
is attenuated in tomato after two days postinfestation with M. persicae (123). Broad beans pre-
infested by A. pisum produce much less JA after the second infestation, which accelerates aphid
development (122). These alterations of hormone signaling may be mediated by aphid effectors,
as discussed below.

3.2. Salivary Proteins Interfere with Various Plant Defense Mechanisms

Aphids secrete effector proteins and noncoding RNA into plants during infestation, and there is
growing evidence, especially for effectors, that they can manipulate host plant immunity in various
ways (Figure 1). For example, Mp55, a salivary protein identified in M. persicae, reduces ROS pro-
duction and callose deposition when expressed in Arabidopsis and enhances M. persicae reproduction
(25). MpMIF1, another salivary protein of M. persicae, can suppress both PR gene expression and
immune responses in Nicotiana benthamiana. Silencing MpMIF1 in M. persicae decreased aphid
fecundity, but normal fecundity was recovered when the silenced aphids were grown on trans-
genic plants expressing MpMIF1 (86). Avoiding triggering plant immunity by reducing avirulent
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effector secretion is another strategy used by aphids. An M. persicae—secreted cysteine protease,
Cathepsin B3, is recognized by a tobacco cytoplasmic kinase EDR1-like protein and induces ROS
production in phloem, which restricts aphid survival on tobacco. However, the tobacco-adapted
lineage of M. persicae secretes less Cathepsin B3 than does the nonadapted lineage, which prevents
ROS production and facilitates aphid feeding on tobacco (38).

How salivary effectors suppress host immunity is not clear in most cases. C002, which is im-
portant for establishing phloem feeding, was the first aphid effector protein to be identified (84).
Silencing C002 expression reduces survival of A. pisum (85) and Schizaphis graminum (144) and
fecundity of M. persicae (100). Using C002 transgenic plants further reveals that the C002 from
A. pisum (ApC002) does not function like that of M. persicae (MpC002) because ApC002 lacks a
repeat sequence that is present in MpCO002. These species-specific effects were also found in other
salivary effectors. Expression of the effectors MpI and Mp2 promotes M. persicae colonization on
Arabidopsis, but expression of their orthologs from A. pisum (ApPIntO1 and ApPIntO2) does not
(101). In addition, Mp1, but not its orthologs, specifically interacts with the host Vacuolar Pro-
tein Sorting Associated Protein 52 (VPS52) of potato (Solanum tuberosum) and Arabidopsis (109).
Because phloem-specific expression of StV’PS52 negatively impacts M. persicae virulence on N. ben-
thamiana, targeting StVPS52 may be a way to promote aphid fitness on host plants. Unlike these
host plant-—specific effectors, the M. euphorbiae salivary effector Mel0 enhances the fecundity of
M. euphorbiae and M. persicae on tomato and N. benthamiana, respectively (3). Me10 and Ag10k, the
homolog of Mel0 in A. gossypii, interact with tomato 14-3-3 isoform 7 (TFT7), and the silencing
of TFT7 in tomato improves longevity and fecundity of the nonhost aphid A. gossypii (15), which
suggests that TFT7 is involved in basal resistance to aphids. In addition to effector proteins, a
long noncoding RNA, Ya1, in M. persicae was reported as a virulence factor that promotes aphid
fecundity in Arabidopsis (16). However, the modes of action of most of the effector proteins and
the long noncoding RNA are unknown.

3.3. Degradation and Sequestration of Toxic Plant Metabolites

Aphids use different detoxification enzymes to overcome toxic plant metabolites (Figure 1).
One main type of these enzymes, which includes cytochrome P450 (CYP450), catalyzes metabo-
lites. The other type, which includes glutathione S-transferases (GST5) and Uridine diphosphate
(UDP)-glycosyltransferases, conjugates metabolites with polar molecules to detoxify them (41).
The detoxified toxic metabolites could be excreted or sequestered in aphids.

Tobacco-adapted M. persicae plants have a higher nicotine tolerance than nonadapted ones
and even show higher fecundity on a diet with 100 wM nicotine than on a diet without nicotine
(106), which indicates their ability to detoxify nicotine. Relative to a nonadapted clone, 10 UDP-
glycosyltransferase genes were reported to be highly expressed in tobacco-adapted M. persicae, and
silencing four of them significantly increased the nicotine sensitivity of tobacco-adapted M. per-
sicae, suggesting the involvement of these genes in nicotine tolerance and adaptation to tobacco
(93). Moreover, two CYP450s, CYP6CY3 and CYP6CY4, were identified to confer nicotine re-
sistance in tobacco-adapted M. persicae. Heterologous expression of the two genes confirmed their
abilities to catalyze nicotine into nontoxic compounds, which protects both the aphid and its ob-
ligate endosymbiont, Buchnera aphidicola (5, 116). A similar strategy is observed in A. nerii, where
several CYP450 and UDP-glycosyltransferase genes are induced to a greater extent upon feeding
on more toxic milkweed species than on less toxic species (7).

When M. persicae feeds on Arabidopsis that overproduces indole glucosinolate, several aphid
CYP450 genes are overexpressed, which grants the aphid a better tolerance to this compound
(47). GST activities were also detected in Sitobion avenae and M. persicae fed on diets with
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glucosinolates and their hydrolyzed compounds (33). A salivary effector, Me47, was identified
in M. euphorbiae as a GST that metabolizes isothiocyanates and enhances fecundity on tomato,
suggesting that aphids actively detoxify plant metabolites by injecting GS'Ts (56).

In addition to detoxifying toxic metabolites, some specialist aphid species can sequester
metabolites and use them as weapons against predators. For example, the cabbage aphid B. brassicae
can selectively sequester glucosinolates from host plants, thus avoiding generating toxic hy-
drolyzed products. Brevicoryne brassicae produces its own myrosinases that can hydrolyze aliphatic
glucosinolates (48, 49, 102), and the hydrolysis products are toxic for predators: The developmen-
tal time of the predators is affected by feeding on B. brussicae grown on different host plants with
different glucosinolate profiles (62). The oleander aphid, A. nerii, can also sequester toxic carde-
nolide from milkweeds (147). Parasitoid larval mortality is increased on A. nerii from milkweeds
with a high concentration of cardenolides (21).

4. MECHANISMS OF APHID ADAPTATION TO A NEW HOST PLANT

Studies of plant-aphid interactions have identified various mechanisms and genes involved in
aphid adaptation to specific plant species. Variation in amino acid sequences or expression pat-
terns of these key genes provides opportunities for aphids to adapt to a new host plant. These
differences can be genetically determined or involve epigenetic regulation, but they can also en-
tail aphid symbionts. In this section, we discuss how aphids expand their host range via these
different sources of variation.

4.1. Genetic Variation Promotes Aphid Adaptation to New Host Plants

As sequencing technologies improve, aphid genomic resources including reference genomes are
rapidly accumulating (75), allowing the investigation of different plant adaptation strategies result-
ing from selection on aphid genetic variation. These genetic variations can be caused by mutations
in small regions of sequence; by chromosome structure rearrangement; or by horizontal transfer,
which results in sequence polymorphism, gene duplication, or new gene acquisition (142). Some
of these variants may have become fixed in the aphid species, biotypes, or lineages showing distinct
host specificity as a result of specialization and subsequent differentiation.

For example, quantitative trait locus (QTL) mapping on biotypes of A. pisum revealed several
QTLs controlling specificity to clover or alfalfa (40), and further genome scan analysis identi-
fied more precisely the genomic regions associated with host specialization in different biotypes
(45,90, 91). Genome-wide characterization of the polymorphisms among three A. pisum biotypes
further revealed that candidate salivary genes, which are expressed in salivary glands and encode
secreted proteins, were enriched in the loci associated with plant specialization (90), suggesting
the importance of these genes in the evolution of host adaptation. In support of this, A. pisum
candidate salivary genes encode many aphid-specific genes, and their evolutionary rates are faster
than those of other salivary gland-expressed genes (8). Similarly, sequence comparison between
Myzus cerasi, M. persicae, and R. padi showed faster evolution in putative aphid effectors (secreted
salivary genes) than in noneffectors (126). These results suggest that species- or biotype-specific
salivary proteins have evolved and specialized to be effective effectors in the specific host plants
by acquiring functional mutations that suppress plant immunity while avoiding plant recognition.

Gene duplication is an important source of evolutionary innovation that may affect gene ex-
pression level. OR and GR gene families, as well as salivary gene families, have expanded in the
genome of A. pisum, and some copies show signs of positive selection, suggesting their neofunc-
tionalization and possible involvement in plant adaptation (8, 117). In addition, the gene copy
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numbers of OR and GR genes also differ among A. pisum biotypes (23), and a focused approach
revealed several OR and GR genes that are highly differentiated among these biotypes and that
may be involved in aphid host specialization (118). This ample genetic variation in chemosensory
genes may fuel variation in aphids’ ability to discriminate plant volatiles and enhance host plant
selection.

As mentioned above, many CYP450 enzymes play key roles in the detoxification of plant sec-
ondary metabolites. In A. pisum, copy numbers of P450 genes are variable across biotypes with
distinct host plant specificity (23), which may facilitate adaptation to new hosts. The genetic
changes involved in the different evolutionary paths between tobacco-adapted and nonadapted
lineages of M. persicae were recently revealed (116). Chromosomal rearrangement in the tobacco-
adapted lineage not only increased the copy number of the genes at these loci, but also generated
a chimeric gene. Further mutation, deletion, or insertion within the amplified region could elim-
inate the duplicated genes with no fitness benefit while maintaining high expression levels of the
adaptive genes such as P450s. In addition, transposable elements also led to the amplification of
P450s at different positions of the genome. These genetic changes cause higher expression levels
of specific P450s compared to non-tobacco-adapted M. persicae and confer a protection mechanism
to the aphid and its obligatory symbiont against nicotine (116).

4.2. Epigenetic Regulation Enhances Plastic Response of Aphids

‘Transcriptional changes associated with a shift between different plant species have been revealed
in different aphid systems (19, 54, 74, 127) and likely involve epigenetic regulation. Epigenetic
mechanisms are reported in many insect species as regulating gene expression and protein trans-
lation (35). DNA methylation and histone modification play an important role in regulating
local gene expression. Small RNAs (sRNAs) such as microRNA (miRNA) are major players in
post-transcriptional regulation (35). Alternative splicing enhances protein diversity from a single
precursor messenger RNA (mRNA) or regulates mRNA abundance (76). These regulations are
well studied in plants and vertebrates but considerably less well studied in insects, especially in the
context of host plant adaptation.

Methylation of DNA CpG islands is known to regulate gene expression through transcriptional
silencing in a tissue-specific manner (51). In A. pisum, genes that encode DNA methyltrans-
ferases and the associated proteins were annotated, and the general methylation patterns were
also characterized (133). Compared to plants and vertebrates, lower levels of methylated CpGs
were observed in the A. pisum genome, and the methylation sites were more enriched in gene
bodies than in regulatory elements, which seems to be common in invertebrates (71, 133). DNA
methylation in regulatory elements usually suppresses transcription; however, DNA methylation
in gene bodies can be associated with enhanced gene expression in aphids (51). Esterase E4 genes
confer resistance to both organophosphate and carbamate insecticides in M. persicae (4). In some
insecticide-resistant M. persicae clones, E4 genes are amplified, highly methylated, and highly ex-
pressed. Interestingly, in the absence of insecticide pressure, the resistance mechanism can be lost
in one generation and is associated with a demethylation of E4 genes, resulting in their reduced
expression (32). This example clearly shows the importance of (de)methylation of key genes in fast
adaptation to sudden environmental changes.

Histone proteins play a major role in the regulation of the chromatin structure. They can be
post-translationally altered by various modifications such as (de)methylation and (de)acetylation
or replaced by alternative histones, which results in the alteration of local chromatin accessibility
and gene expression. The genome of A. pisum contains a comprehensive catalog of histone-
modifying enzymes, and the members of this catalog are clearly more diverse than enzymes in
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other known arthropod species (108). Some histone variants were also identified in A. pisum that
may provide different binding abilities with chromatin and affect its accessibility (108).

The miRNAs produced by the miRINA machinery usually target specific genes’ mRNAs to sup-
press their translation, which may affect the expression of key genes of host adaptation in aphids.
Unlike vertebrates, the A. pisum genome encodes multiple copies of the miRNA machinery, and
these copies were shown to evolve rapidly in aphids (46). Expression profiles of these copies re-
vealed that they were differendally expressed at different morphological stages, which indicates
that they play roles in regulating developmental gene expression. Many miRNAs have been pre-
dicted to exist in the aphid genomes (46, 66), but most of them have no characterized function in
host adaptation.

Alternative splicing enables different translation of protein variants from a single precursor
mRNA or regulation of mRNA abundance through nonsense-mediated mRNA decay (76). In
A. pisum, 34% of expressed genes exhibited alternative splicing in different morphs (37).
Involvement of alternative splicing in aphid adaptation to host plant is not known.

4.3. Aphid Symbionts May Affect Plant-Aphid Interactions

Many mechanisms underlying adaptation to host plants are encoded by the aphid genome; oth-
ers may involve aphids’ symbiotic bacteria and viruses. The primary endosymbiont Buchnera is
essential for aphids by providing nutrients such as essential amino acids and vitamins lacking in
their diet. Curiously, upon feeding, aphids inject GroEL, a protein produced in high quantity by
Buchnera, which is recognized by the plant and elicits PTT responses (14). However, aphid feed-
ing is not altered, suggesting that aphids might inject other effectors into the plant to overcome
or suppress the GroEL-induced response (120). A recent study also showed that the expression
profiles of Buchnera sSRNA differ between A. pisum feeding on broad bean or those feeding on
alfalfa (125). The authors of this study hypothesized that the plant-specific expression patterns of
Buchnera SRNA may be caused by the variation in plant metabolites (which include amino acids
and plant defense compounds) or by stress responses of Buchnera. Although they are difficult to
perform, functional studies are needed to verify the roles of the sSRNA in plant-aphid interaction.
GWASs on A. pisum genotypes revealed associations between variation on the Buchnera genome
and the pea aphid performance on a histidine-free diet. Interestingly, association peaks involved
two Buchnera genes encoding the histidine biosynthesis pathway (17). Thus, genetic variation in
Buchnera lineages could translate into different nutrient acquisition efficiency in the host aphids,
which may affect the aphids’ abilities to feed on different host plants.

In addition to Buchnera, aphids harbor a range of facultative bacterial symbionts, which may
also influence interactions with plants (92). It was found that Regiella insecticola, a facultative sym-
biont of A. pisum, promotes pea aphid fecundity on white clover (Trifolium repens) specifically (128);
however, this result was not reproduced in other pea aphid-R. insecticola or —facultative symbiont
interactions (30, 77). A clone of the wheat aphid (Sizobion miscanthi) infected by the Hamiltonelln
defensa facultative symbiont developed faster and had higher fecundity on wheat than did an un-
infected one; these results were correlated with lower SA and JA accumulation and repression
of the downstream genes in the infected clone (67). In addition, Serratia symbiotica—infected pea
aphids repressed ROS production and the SA and JA pathways and fed for longer on M. truncatula
compared to uninfected aphids. A salivary gene, ApHRC, was highly upregulated in the Servutia-
infected aphid, and silencing this gene increased ROS production upon feeding (135). However,
how Serratia infection induces specific salivary genes is not known. Besides bacterial symbionts, the
Acyrthosiphon pisum virus (APV) was shown to increase pea aphid survival rate on unsuitable plants;
this increase in survival coincided with reduced JA production (70). Taken together, this evidence
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indicates that the involvement of microbial symbionts in determining aphid plant specificity seems
to be elusive and cannot be generalized to all aphid-symbiont interactions.

5. FUTURE DIRECTIONS OF RESEARCH ON MOLECULAR
PLANT-APHID INTERACTIONS

Current knowledge on plant-aphid interactions at the molecular level has been generated primar-
ily by studies of the Arabidopsis—M. persicae and tomato—M. euphorbine interactions, taking advantage
of various resources developed in the model plants Arabidopsis and tomato and the recently pub-
lished genome of M. persicae and other accumulating genomic resources. Studies on other systems
are complicated due to the lack of experimental tools and genetic resources for both the plants
and the aphids. Nevertheless, these pioneering studies have provided a first glimpse of the com-
plexity of the mechanisms underlying plant-aphid interactions. To advance this important area of
research, we propose that future studies of plant-aphid interactions focus more on systems that
are closer to natural situations and consider the different time scales at which the molecular mech-
anisms operate. This section discusses some examples of such research programs presented from
the long to the short time scale of molecular changes involved.

Unrelated aphid species may infest the same host plant by adapting the plant species indepen-
dently (Figure 24). For example, both Apbhis spiraecola and Toxoptera citricida are able to feed on
sweet orange (Citrus sinensis), while both Megoura viciae and A. pisum are able to feed on vetch
(Vicia sativa). The genome of these aphids sharing the same hosts may encode common or spe-
cific pathways allowing them to exploit the hosts. Previous studies on plant-pathogen interactions
have revealed that functionally convergent effectors are used by different pathogens to suppress
ROS production by targeting conserved host proteins in ROS signaling or metabolism (52). An
investigation of interactions between Arubidopsis proteins and effectors from three kingdoms of

a Host convergence b Host-based differentiation C Host alternation d Host acclimation

Figure 2
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Different time scales and processes of colonization of new host plants by aphids. The molecular mechanisms underlying the
colonization of new plants by aphids can be characterized according to the time scale at which they operate. (2) Different aphid species
that diverged a long time ago may have adapted to the same host plant independently. (#) Some aphid species have developed biotypes
that are genetically related but adapted to specific plants. (c) Approximately 10% of aphid species migrate between unrelated host plants
(generally woody and herbaceous plants) to complete their annual life cycle. This host alternation requires rapid adjustments of migrant
morphs to the unrelated host. (d) Unlike most specialist aphids, generalist species can colonize a very wide range of hosts from different
plant families and shift from one plant to another during their lifetime.
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pathogens also demonstrated common targets of host proteins, indicating convergent evolution
among these pathogens (138). Therefore, comparative genomics and transcriptomics of aphid
species sharing the same host could help us to identify those shared or specific adaptation genes
and their common plant targets.

Host-specialized biotypes are reported in several aphid species, such as A. gossypii (12, 130),
A. pisum (31,94, 131), and M. persicae (115). Such biotype complexes offer opportunities to eluci-
date the molecular basis of plant specialization and the evolutionary processes leading to biotype
divergence. In this context, A. pisum, which comprises at least 15 biotypes, provides a valuable
system to decipher the molecular determinants of plant specificity and, more particularly, to inter-
rogate whether biotype formation relies on common or specific mechanisms (114). These biotypes
share similar genome sequences but are very specialized to feed on a limited number of host
legume species (Figure 2b). Comparative analyses of different biotypes have revealed biotype-
specific genomic and expression patterns. Many of these sequence and expression differences are
found in chemosensory and salivary genes, suggesting their involvement in plant specialization (9,
23,29,90, 117, 118). Given the development of functional validation tools (39, 65), the A. pisum
complex is an emerging system that has considerable potential to advance understanding of the
mechanisms of adaptation to specific host plants in their functional and evolutionary dimensions.

Another interesting system offering the possibility of understanding molecular mechanisms
determining plant specificity is provided by host-alternating aphids, which have an obligate shift
between unrelated host plants (82) (Figure 2¢). For example, M. cerasi uses Prunus trees as primary
hosts in winter and many herbaceous plants as secondary hosts in summer. Host alternation is ac-
complished by specialized morphs produced by the same clone under unknown cues; therefore, it
does not involve any genetic changes. Host alternation certainly induces the tuning of chemosen-
sory receptors to locate the host and the production of specific proteins to overcome plant defenses
and acquire nutrients. We are only at a very early stage of understanding the molecular basis of
host alternation in aphids. To the best of our knowledge, only two studies, one on M. cerasi (127)
and the other on Hyalopterus persikonus (19), have examined gene expression differences between
aphid morphs on woody and herbaceous hosts using RNA sequencing. Both studies found an en-
richment of salivary and detoxifying function categories in the differentially expressed gene set
(19, 127), suggesting that these two functions, at least, might be involved in plant specialization.

Unlike the aforementioned plant-specialized species, biotypes, or morphs, some generalist
aphid clones can colonize a very wide range of divergent host plants and make immediate shifts
from one plant to another (Figure 2d). Since aphids reproduce mainly via parthenogenesis, the
mechanisms underlying plasticity in host range in such generalist aphids rely on expression (epi-
genetic) changes and not on genetic changes. Therefore, generalist aphids may provide another
perspective on the molecular basis of plant adaptation. A study on a generalist M. persicae clone that
shifted between different unrelated plant species identified several coregulated clusters of genes
involved in the adjustment to new hosts, among them cathepsin B and cuticular genes (74). Fur-
ther work is needed to determine how this transcriptional plasticity is controlled and the modes
of action of the genes specifically associated with host plant shifts. In addition, aphids also rely
on plant cues to select their hosts, and the chemosensory mechanisms involved in the selection of
multiple hosts have to be examined using appropriate experimental designs.

Another ideal system for investigating the molecular basis of plasticity in plant choice in aphids
is again provided by host-alternating species, which typically show highly specialized morphs on
the winter hosts and much more flexible morphs able to feed on a wide range of summer hosts.
For example, A. fabae and Macrosiphum rosae exclusively use spindle trees (Euonymus europaeus) and
Rosa species as winter hosts, respectively, but feed on many summer hosts belonging to different
families. Comparing gene expression patterns of the aphids feeding on the primary host and those
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feeding on the multiple secondary hosts may reveal how specialism and generalism are regulated

at a clonal level.

. Most aphid species are specialized to one or a few host plants, but the molecular

mechanisms underlying host adaptation are poorly known.

. Throughout their interactions with plants, aphids have evolved a series of adaptive

mechanisms to overcome the different challenges posed by their host plants.

. Recent progress on aphid-plant systems studied in the laboratory has increased our un-

derstanding of mechanisms of suppression of plant defense via salivary proteins and of
sequestration and detoxification of secondary plant metabolites.

. Sequence variation, epigenetic regulatory mechanisms, and interactions with microbial

symbionts can fuel innovations that allow aphids to acquire a new host plant.

. While there are increasing numbers of examples of the role of genetic changes in aphid

adaptation to a new plant, little is known about the importance of epigenetic regulation
in host plant shifts and the actual influence of symbionts on aphid plant specificity.

. Future studies of plant-aphid interactions should focus more on systems that are closer

to natural situations and consider the different time scales at which the molecular
mechanisms operate.
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