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isms can alter systemically resistance traits in aboveground parts against herbivores. However, there are limited stud-
ies on root-knot nematode-aphid interaction. Moreover, the impact of nematode's initial density and infection time on
plant defense is poorly understood. Here we aim to examine the induced defense responses by root-knot nematode
Meloidogyne incognita against aboveground feeding aphid Sitobion avenae in wheat. Further, we investigated the influ-
ence of the nematode infection density as well as the length of infection in these interactions. We tested the direct and
indirect defense responses triggered by M. incognita against S. avenae as well as how the responses affect the preference
of Harmonia axyridis. Plant volatiles and hormones were determined to explore plant defense mechanisms that mediate
aboveground-belowground defense. The photosynthetic rate was tested to examine plant tolerance strategy. We found
that, both low and high densities M. incognita root infection at 7 days post inoculation (dpi) reduced the feeding of the

Phytohormones aphid S. avenae. Behavioral assay showed that H. axyridis preferred plants co-damaged by both M. incognita and
Volatiles S. avenae at 7 dpi. M. incognita infection induced the changes of jasmonic acid, salicylic acid and volatile content,
Plant photosynthesis

Insect behavior

which mediated plant response to S. avenae. Furthermore, photosynthetic rate in wheat increased at 5 dpi under
300 M. incognita or 1000 M. incognita infection. These results suggest that plant roots induced multiple defense strate-
gies against foliar herbivores as damages increased. Our study provides evidence of a complex dynamic response of
wheat aboveground defense against aphids in response to belowground nematode damage on a temporal scale.

Abbreviations: AG, aboveground; BG, belowground; dpi, days post inoculation; EPG, Electrical Penetration Graph; GC-MS, Gas chromatography-mass spectrometry; ISR, induced systemic resistance;
JA, jasmonic acid; LC-MS, liquid chromatography-mass spectrometry; PCA, Principal Component Analysis; RKN, Root-knot nematode; SA, salicylic acid; VOCs, volatile organic compounds.
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1. Introduction

In natural and agricultural ecosystem, plants are attacked by dif-
ferent organisms on aboveground (AG) and belowground (BG) parts
simultaneously. Plants have evolved sophisticated strategies includ-
ing tolerance and resistance which they utilize to protect themselves
from attackers (Hakes and Cronin, 2012; Kant et al., 2015; Mitchell
et al., 2016; Herve and Erb, 2019). Plants rely on tolerance strategy
to compensate for damage by changing the assimilation rate, growth,
and resources allocation (Robert et al., 2014; Koch et al., 2016). Resis-
tance is when plants can escape attackers partially or fully, thus min-
imizing the amount of damage. Plant resistance traits include
production of compounds that can cause deterrence, death, or reduce
the development of the attacker. Depending on the mode of action,
plant defense is divided into direct and indirect defense. Direct de-
fense involves the use epidermal physical structures or internal chem-
ically toxic compounds to block feeding or digestion of attackers
(Gorb and Gorb, 2017; Beran et al., 2019; Hussain et al., 2019). Bras-
sicaceae accumulate glucosinolate in roots and shoots after Anomala
cuprea infested (Tsunoda et al., 2018). Indirect defense is mediated
by volatile organic compounds (VOCs) (Paré and Tumlinson, 1999;
Turlings and Erb, 2018). Plants emit a wide range of VOCs in response
to attack by different insect-herbivores and attract their natural ene-
mies (Clavijo McCormick et al., 2012; Turlings and Erb, 2018). The
predator lady beetle Harmonia axyridis preferred odors of aphid-
infested plants than healthy plants of Cnidium monnieri (Cai et al.,
2020).

Plant hormones play a vital role in regulating direct and indirect de-
fense response (Verberne et al., 2003; Bernsdorff et al., 2016; Klessig
et al., 2018; Yuan et al., 2019). Jasmonic acid (JA) and salicylic acid
(SA) are recognized as the main signaling pathways regulating direct
and indirect defense (Wasternack and Hause, 2013; Dempsey and
Klessig, 2017; Xu et al., 2021). In general, JA pathway is activated
against chewing herbivores and necrotrophic pathogens (Wasternack
and Hause, 2013; Carvalhais et al., 2017), while SA is triggered by
sap-sucking herbivores and biotrophic pathogens (Loake and Grant,
2007; Kastner et al., 2014; Dempsey and Klessig, 2017). However, sev-
eral evidences showed that hormones pathway trigged is variable, and
the relationship between JA and SA can be synergistic or antagonistic,
depending on the attacking organism and plant systemin (Mur et al.,
2006; Koornneef et al., 2008). Other phytohormones such as ABA, ET,
also play a role in mediating defense signals (Zhang et al., 2013; Louis
et al., 2015; Verma et al., 2016). These hormones may connect to the
JA-SA plant defense signaling and are important in later stages of
plant defense response (Anderson et al., 2004; Pieterse et al., 2009;
Karssemeijer et al., 2020).

The induction of systemic response in undamaged tissues, can cause
induced systemic resistance (ISR), or prime the plant systemically
(Karssemeijer et al., 2020). ISR increases the resistance levels of un-
damaged plant parts. Priming, on the other hand, enhances the induced
response to later arriving herbivores or pathogens (Guo and Ge, 2017;
Mbaluto et al., 2021). ISR and priming can cause interaction between
organisms feeding on different plant parts, such as BG roots and AG
leaves. Numerous studies have demonstrated that root attackers influ-
ence plant resistance in AG (Wéckers and Bezemer, 2003; Soler et al.,
2007b; van Geem et al., 2016; Yang et al., 2019). Spodoptera littoralis
deposited fewer eggs on the plant infested by root-feeding wireworms
(Agriotes lineatus) (Anderson et al., 2011). On the other hand, AG
pests can affect root attackers (Ankala et al., 2013; Hoysted et al.,
2018). P. brassicae feeding reduced the survival of Delia radicum
(Soler et al., 2007a). The effect of BG on AG and AG on BG are driven
by defense responses signaling via hormonal pathways. Root-knot
nematode (RKN) Meloidogyne incognita triggered the SA pathway and
reduce the reproduction of Macrosiphum euphorbiae (Mbaluto et al.,
2021). Plutella xylostella feeding on Brassica oleracea leaves cause a
slight change in JA pathway and interact with plant defense to root
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fly larvae (Delia radicum) (Karssemeijer et al., 2020). Moreover, AG
and BG attack can influence plant indirect defense responses to interact
with the enemies of the attacking herbivores (Soler et al., 2007b; Pierre
et al., 2011). A. lineatus induced AG indirect defense by producing
extrafloral nectar (Wéckers and Bezemer, 2003). While the attraction
of the parasitoid (Trybliographa rapae) towards Delia radicum infested
plants disappeared when plants were simultaneously infested by
P. brassicae (Pierre et al., 2011). The outcome of these AG-BG interac-
tions are reported to be influenced by factors such as sequence of attack
(Erb et al., 2011), or attacker feeding mode (Kafle et al., 2017;
Karssemeijer et al., 2020). However, the factors have not been well
considered in the context of the interaction between RNK and AG
aphids.

Root-knot nematodes are plant parasites that infect and cause severe
crop damage. In agriculture, it is estimated that RKN causes approxi-
mately $157 billion annually globally (Abad et al., 2008). RKN spend
most of their life cycle inside plant roots. The main stages include egg
- juvenile - adult stage (Abad et al., 2008). The infective second-stage ju-
veniles (J2s) invade plant roots and migrate intercellularly to settle in
the vascular cylinder. The activity of RKNs stimulates cell enlargement
and produce galls on fibrous roots. RKN reprogram plant defense re-
sponses including phytohormonal signaling and secondary metabolite
(Molinari and Loffredo, 2006; Bhattarai et al., 2008; Bali et al., 2018).
At the same time, root infection by RKN can trigger changes in defense
status of AG plant tissues and thus affect insect herbivores (Arce et al.,
2017; Guo and Ge, 2017).

Aphid is one of the devastating foliar sucking insect pests of plants
(Carter et al., 1982). It can damage plants by feeding on phloem sap and
transmitting a variety of viruses. Aphid inject saliva into plants during
feeding, and triggers JA and/or SA-dependent plant defense pathways
(Kusnierczyk et al., 2011; Morkunas et al., 2011; Liu et al., 2020). Besides,
plant can change volatile composition and attract the natural enemy of
aphids (Cai et al., 2020).

In nature, RKN and aphid are likely to occur on the same plant. Because
they have an analogous feeding style, they are likely to trigger similar
defense responses (Hol et al., 2013; Mbaluto et al., 2021). In this study,
we hypothesize that differences in RKN density and timing affects the per-
formance of aphids and their natural enemies. More in particular, we hy-
pothesize that the interaction between RKN-aphids and natural enemies is
reflected in the induced direct and indirect defense responses. We tested
these hypotheses using an important crop species wheat (Triticum aestivum)
(Langridge, 2013; Borisjuk et al., 2019). It is infected by RKN and aphid
leading to yield losses of about 15-20% and 47% globally, respectively.
RKN exists in the soil and encountered by wheat plant at the beginning,
while aphid generally arrive later in the progress of plant growth. Thus,
we set up a series of experiments, in which wheat plants were initially in-
fected with RKN (M. incognita) and followed with aphid (Sitobion avenae)
infestations when the RKN was at different infection time points. In our
first experiment, we evaluated S. avenae performance when feeding on
M. incognita infected plants compared to controls. In the second experiment,
we assessed the preference of S. avenae's natural enemy H. axyridis towards
M. incognita infected plants and undamaged wheat plants, as well as
between co-damaged plants by M. incognita and S. avenae compared to
plant infested with S. avenae alone. To explore plant defense mechanisms
that mediate AG-BG species interaction, hormones content, volatile compo-
sition, and photosynthetic rate of undamaged plant, M. incognita or
S. avenae damaged plant, and co-damaged plant were profiled. Our results
showed that the RKN M. incognita affect the S. avenae and its natural enemy
performance by modulating hormones and volatile content.

2. Materials and methods
2.1. Plant, nematode, and insect colony

The wheat variety (Huamai 1168, provided by Prof. Xifeng Ren of
Huazhong Agricultural University (HZAU)) was used in all experiments.
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Nutrient soil (1.0-5.0% N + P05 + K,0 and =20% organic matter con-
tent) was placed in round plastic pots (9 cm diameter X 8 cm height).
Seeds were cleaned with sterile water. One seed was sown per pot,
and allowed to germinate. Plants were grown under greenhouse con-
ditions at 24 = 2 °C, 60 = 10% RH, and 16/8 h light/dark photope-
riods at HZAU, Wuhan, China. When the plants were 25 days old
after sowing, we selected only those that had four fully formed leaves
for bioassays.

Root-knot nematode (M. incognita) was used as the BG herbivore.
M. incognita juveniles were provided by Prof. Yanlong Xiao of
HZAU and the colony was maintained on tomato plants (Solanum
Lycopersicum). To obtain the J2 stage of M. incognita, infected tomato
root-knot was ground and held on a petri dish lined with distilled
water-moistened filter paper (qualitative filter paper; diameter:
9 cm; Whatman, China) under room temperature. After 3 days, the fil-
ter paper was taken out and rinsed with distilled water. The collected
solution was viewed under a 40 X optical microscope to count J2
M. incognita.

Aphid (S. avenae) was used as the AG herbivore. The colony was pro-
vided by Prof. Yong Liu of Shandong Agricultural University and main-
tained on wheat plant var. Luyuan 502 (a sensitive strain for colonizing
S. avenae). Ladybird adult (H. axyridis) was used as natural enemy of
S. avenae. The ladybird adult was purchased from Zhongke Baiyun Green
Bio-Technology Co. Ltd. (Beijing, China). The aphid colony was maintained
at 22 °C growth chamber, while the ladybird was maintained at 24 °C
growth chambers.

2.2. Nematode inoculation and aphid infestation

Plant infection with herbivores was designed to mimic the natural
sequences of events. Because plant roots develop before the leaves, it
is likely that nematodes in the soil infect roots before AG herbivores
attack the leaves. In all our experiments, the plants that were
assigned for M. incognita inoculation were divided into two groups.
One group received 300 J2/mL (defined as low density) and the
other group received 1000 J2/mL (defined as high density). The
suspension was diluted to a concentration of about 300 or 1000
M. incognita/mL under the microscope. Sample (1 mL) of M. incognita
solution was inoculated into the soil around the root of wheat plant.
Plant without nematode was used as control. Three-time points
(3 dpi, 5 dpi, and 7 dpi) were established to mimic the stage of M.
incognita from invasion to establishment. Plants assigned for AG her-
bivores were infested with 20 S. avenae adults at each time point.
Plants were covered by PVC tube (height: 35 cm; diameter: 10 cm)
and S. avenae fed freely on plant leaves. All S. avenae were removed
from wheat plant after 24 h. At each of the M. incognita infection
time points, we established four treatments including (1) control
plant (healthy plant); (2) only M. incognita-infected plant; (3) only
S. avenae-damaged plant and (4) simultaneous M. incognita and
S. avenae-damaged plant. Sections of leaf from the damaged or un-
damaged plants were excised, immediately frozen in liquid nitrogen,
and stored at — 80 °C until extraction.

2.3. Assessment of the feeding behavior of Sitobion avenae

The feeding behavior of apterous adult S. avenae on M. incognita infected
plant (3 dpi, 5 dpi, or 7 dpi) was recorded using a Giga-4 DC Electrical Pen-
etration Graph (EPG, Wageningen Agricultural University, Wageningen,
Netherlands) (Sun et al., 2016). Briefly, a conductive silver glue was used
to stick a gold wire (long: 3-cm; diameter: 18.5 mm) to the dorsum of
S. avenae and placed on the wheat plant. After plant and insect were con-
nected, 5 Vs voltage was added. Feeding waveforms were recorded by
Style *P software (Wageningen, The Netherlands) for 12 h at 24 + 1 °C
and 60 + 10% RH in a Faraday cage. After 50 X magnification, five typical
waveforms were identified and categorized as previously described (Will
et al., 2007; Chen et al., 2018; Chen et al., 2020).
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2.4. Assessment of behavior of Harmonia axyridis to herbivore-induced plant
volatiles

We tested the response of H. axyridis to odors emitted from plants
damaged by S. avenae, M. incognita, or both, using Y-tube olfactometer
(arm length: 18 cm and internal diameter: 1.5 cm). The Y-tube was set
inside a box to avoid visual cues to the insect (Shi et al., 2019). Each
arm of the Y-tube was connected to the odor source (control and treat-
ment) using Teflon tubes and the tested insect was individually released
in the main arm. Normal air was filtered through activated charcoal and
pumped at a rate of 200 mL/min using battery powered pump (Sensen,
Zhejiang, China). A 60 W incandescent lamp bulb was hung above the Y-
tube to provide illumination. Every H. axyridis adult was given 5 min to
make a choice. To avoid positional bias, the Y-tube was switched sides
after running test for three insects. Data were recorded from 30 repli-
cates per treatment.

2.5. Extraction and analysis of the phytohormones jasmonic acid and salicylic
acid

Ground leaf samples (50 mg each) were extracted by 500 pL extraction
solvent (2-propanol/H,0/concentrated HCl = 2:1:0.002, v/v/V) in a ther-
mostatic mixer (MTC-100, Guangzhou, China) for 30 min at 100 rpm as
previously described (Pan et al., 2010). 10 pL Dihydrojasmonic acid
(5pg/mL) and 10 pL D4-Salicylic acid (5 pg/mL) were added as the internal
standard of JA and SA, respectively. Dichloromethane (1 mL) was added to
the samples and homogenized again. After centrifuging at 13,000g and at
4 °C for 5 min, the bottom phase was transferred into 2mL Agilent bottles.
Samples were dried by a nitrogen evaporator and dissolved by 100 pL of
methanol.

Liquid chromatography-coupled mass spectrometry (LC-MS) system
(Xevo G2-XS Qtof) was used to determine JA and SA levels. The relative
amount of JA and SA was calculated from the ratio of the endogenous
hormone peak and the known internal standard. For each treatment,
at least three replicates were analyzed.

2.6. Collection and analysis of volatiles

Plant volatile compounds emitted during herbivory by nematodes and
aphids, and control plants were collected using a closed-loop dynamic
headspace collection system as described by Sun et al. (Sun et al., 2016).
The air was purified by (1) Charcoal (activated carbon, 6 to 14 mesh, Fisher
Scientific), (2) 5 A molecular sieves (beads, 8 to 12 mesh, Sigma-Fluka),
and (3) silica gel Rubin (drying agent free of metal salts, silica gel, Sigma-
Fluka), and pumped at 500 mL/min into a glass jar containing each plant
treatment (control plant, M. incognita-infected plant, S. avenae-damaged
plant, or simultaneous M. incognita and S. avenae-damaged plant). The
VOCs were collected for 6 h under light and eluted from Super-Q traps
using 1 mL of n-hexane. A 10 L solution of nonyl acetate (0.1 mg/mL,
Sigma-Aldrich, St. Louis, MO, USA) was added to each sample as an internal
standard.

The collected volatiles were analyzed using gas chromatography—
mass spectrometry device (GC-MS, Agilent Technologies QP-2010,
Shimadzu, Shiga, Japan), equipped with an HP-5 MS fused-silica
column (30 m X 0.25 mm X 0.25 pm, Agilent Technologies, Palo
Alto, CA, USA, http://www.agilent.com). Helium was used as the
carrier gas with a flow rate of 1 mL min~'. The initial temperature
of the oven was 40 °C and held for 1 min, and then at 8 °C min " to
300 °C and held for 5 min. The mass spectrometer of the GC-MS
instrument was operated in an electron-impact mode (EI) at 70 eV,
with a scan range of m/z 40-450. The transfer line temperature
was set at 220 °C and ion-source temperature at 200 °C. The volatile
compounds were identified by comparing their GC retention indices
and MS spectra with those from the NIST11 library (http://
nistmassspeclibrary.com). Each treatment was replicated at least
four times.
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2.7. Assessment of photosynthetic rate of wheat plant

Li-6400XT portable photosynthesis system (Li-Cor, Lincoln, NE,
USA) was used to determine the net photosynthetic rate of wheat
plant (Molero and Reynolds, 2020). Wheat leaf (the second leaf) was
placed into the leaf chamber. CO, gas bomb was used to inject CO,
into the system. The airflow was set at a speed of 500 pmol/s. The tem-
perature of the leaf chamber was 24 °C, with a CO, concentration of
400 pmol/mol, light source intensity of 1500 mol/m?/s, and a water
vapor pressure difference of approximately 1.2 kPa. Data collection
was performed in 9:00-12:00 daytime in the greenhouse. Leaf area
placed into the chamber was determined to calculate plant photosyn-
thetic capacity of per unit area. Each treatment was replicated at least
four times.

2.8. Data analyses

All data were analyzed in R (4.0.3) (Team, 2013). Y tube data were
analyzed by Chi-square test. One or two ANOVA was used to analyze
data from aphid feeding performance, phytohormone concentration,
volatile content, and photosynthesis rate among different treatments.
In the model of ANOVA, we included nematode density and infection
time as variable factor and waveform duration, waveform frequency,
phytohormone concentration, volatile content, or photosynthesis rate
as explanatory factor. Tukey's HSD was used as post hoc analysis to de-
tect the significant differences at P < 0.05. Principal component analysis
(PCA) was performed on the volatile data and PerMANOVA based on
Bray-Curtis was used to comparing the contribution of factors (nema-
tode density and infection time).

3. Results

3.1. Impact of Meloidogyne incognita on the feeding behavior of Sitobion
avenae

We assessed the impact of M. incognita infection density (300-low
and 1000-high) and different time points (3,5,7 dpi) on the feeding
behavior S. avenae (Fig. 1). At 3 and 5 dpi, we found that M. incognita
root infection only affected the E1 waveform. The results showed that
both low and high infection densities were not different from control
plants. However, there was a significant decrease in E1 in high den-
sity compared to low density (Fig. 1a, b; Table S1). At 7 dpi, the re-
sults showed that the influence of M. incognita root infection on E1
waveform duration disappeared. The low M. incognita density infec-
tion significantly increased np and C waveform duration but de-
creased E2 waveform duration compared to control plants. The high
M. incognita density infection significantly increased C waveform du-
ration but decreased G waveform compared to control plants. There
was a significant decrease in np and G waveform duration but an in-
crease in E2 waveform duration in high density compared to low den-
sity (Fig. 1c; Table S1).

M. incognita root infection did not change waveforms frequency at
3 dpiand 5 dpi (Fig. 2a, b; Table S2). At 7 dpi, the low M. incognita den-
sity infection increased the frequency occurrence of np waveform
compared to high density and control plants, while there was no sig-
nificant difference of np waveform frequency between control and
high M. incognita density infected plants. Compared with control
plants, low density infection increased C waveform frequency but
showed no significant difference in high density infected plants
(Fig. 2¢; Table S2).

Two-way ANOVA showed that the density of M. incognita significantly
affected the duration of np, C, E1, and E2 and the frequency occurrence
of np and C waveforms, while infection time significantly affected the dura-
tion of np and E1 waveforms (Table S3, S4). Besides, the density of nema-
todes versus infection time interaction affected the duration of np and
frequency of C waveforms.
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Fig. 1. EPG recordings of the aphid Sitobion avenae feeding duration in wheat plants
infected by 300 or 1000 Meloidogyne incognita against undamaged plant at different
time points (3 dpi, 5 dpi, or 7 dpi). Dpi: days post inoculation. Different letters
indicate significant differences (P < 0.05) among treatments (n = 8).

3.2. Impact of Meloidogyne incognita on the preference of Sitobion avenae
natural enemy Harmonia axyridis

We tested the preferences of H. axyridis to M. incognita infected plant
or M. incognita and S. avenae co-damaged plant (Fig. 3; Table S5). The
results showed that no obvious differences occurred at 3 or 5 d M. incog-
nita infection (Fig. 3a, b; Table S5). However, after 7 dpi, H. axyridis sig-
nificantly preferred high M. incognita density infected plants over
undamaged plants, while there were no obvious differences under
low M. incognita density (Fig. 3c; Table S5). After S. avenae damage,
H. axyridis significantly preferred M. incognita and S. avenae co-
damaged plant than S. avenae damaged plant after 7 dpi of M. incognita
at both densities (Fig. 3c; Table S5).

3.3. Jasmonic acid and salicylic acid regulate wheat defense to Sitobion
avenae

We first analyzed for changes in JA and SA concentrations at different
time points and infection densities. We found that M. incognita root infec-
tion in low density increased the JA levels at 3 dpi but no effect at 5 and
7 dpi compared to control (Fig. 4 a, e, i; Table S6). However, high density
M. incognita root infection increased the JA levels at 3 or 7 dpi compared
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Fig. 2. EPG recordings of the aphid S. avenae feeding frequency in wheat plants
infected by 300 or 1000 M. incognita against undamaged plant at different time
points (3 dpi, 5 dpi, or 7 dpi). Dpi: days post inoculation. Different letters indicate
significant differences (P < 0.05) among treatments (n = 8).

to control (Fig. 4b, f, j; Table S6). M. incognita root infection in low density
or high density did not alter SA levels at all the three time points compared
to control (Fig. 4c, d, g, h, k, 1; Table S6).

Compared to control plant, S. avenae damage showed no obvious influ-
ence on JA levels but significantly increased SA levels at most time points
(Fig. 4; Table S6). When M. incognita and S. avenae co-damaged, JA levels
showed no significant change compared to S. avenae damaged plant at all
the three time points and the two M. incognita densities (Fig. 4a, b, e, f, i,
j; Table S6). While SA level was largely dependent on the M. incognita infec-
tion density. In the low M. incognita density, M. incognita and S. avenae co-
damaged decreased SA level at 3 dpi and 5 dpi compared to S. avenae dam-
aged plant, while no significant difference occurred at 7 dpi (Fig. 4c, g, k;
Table S6). However, in the high density M. incognita and S. avenae co-
damaged plant, SA level increased at 3 dpi but no effect at 5 and 7 dpi com-
pared to S. avenae damaged plant (Fig. 4d, h, i; Table S6). Two-way ANOVA
showed that nematode density significantly affected both JA and SA con-
tent, while infection time significantly affected only SA content (Table S7).

3.4. Meloidogyne incognita induced VOCs in wheat plant

In total, nine volatile components were extracted and identified, in-
cluding several alkanes (tetradecane, pentadecane, hexadecane), alkene
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Fig. 3. Preference behavior of ladybird beetle Harmonia axyridis in Y-tube under
300 or 1000 M. incognita damage at different time points (3 dpi, 5 dpi, or 7 dpi).
C: Control plant; M: M. incognita infected plant; S: S. avenae damaged plant;
M + S: simultaneous M. incognita and S. avenae-damaged plant. Dpi: days post
inoculation. * P < 0.05 (n = 30).

(tetradecene), alcohol (2-ethyl-hexanol), aldehydes (nonanal, decanal),
and ketones (acetophenone, 2-bornanone) (Table S8, S9). PCA showed
that volatile composition was different after low M. incognita density in-
fection at 3 dpi, 5 dpi, and 7 dpi (Fig. 5a-c). According to the contribu-
tions of volatiles to the first two principal components, 2-ethyl-
hexanol, decanal, tetradecane, pentadecane and hexadecane played im-
portant roles at 3 dpi (Fig. 5d). Nonanal, tetradecene, tetradecane,
pentadecane and hexadecane play important roles at 5 dpi (Fig. 5e). 2-
ethyl-hexanol, nonanal, decanal, and pentadecane played important
roles at 7 dpi (Fig. 5f).

The volatile composition was also different after high M. incognita
density infection at 3 dpi, 5 dpi, and 7 dpi (Fig. 6a-c). According to the
contributions of volatiles to the first two principal components,
decanal, tetradecane, pentadecane and hexadecane played important
roles at 3 dpi (Fig. 6d). 2-Ethyl-hexanol, acetophenone, nonanal, 2-
bornanone, tetradecane, and hexadecane played important roles at
5 dpi (Fig. 6e). 2-Ethyl-hexanol, nonanal, 2-bornanone, decanal,
tetradecane, pentadecane, hexadecane played important roles at
7 dpi (Fig. 6f).

The content of prominent volatiles was compared across treatment.
After low M. incognita density infection, the content of decanal was
highest in S. avenae infested plant, tetradecene and hexadecane were in-
creased in S. avenae damaged plants and M. incognita and S. avenae co-
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Fig. 4. Plant phytohormones produced after 300 or 1000 M. incognita damage against undamaged wheat plant at different time points (3 dpi, 5 dpi, or 7 dpi). C: Control plant;
M: M. incognita infected plant; S: S. avenae damaged plant; M + S: simultaneous M. incognita and S. avenae-damaged plant. Dpi: days post inoculation. Different letters indicate

significant differences (P < 0.05) among treatments (n = 3-4).

damaged plants at 3 dpi (Fig. 7a; Table S10). The content of nonanal,
tetradecane, pentadecane and hexadecane was highest in M. incognita
and S. avenae co-damaged plants at 5 dpi (Fig. 7b; Table S10). The con-
tent of nonanal, decanal and pentadecane were highest in S. avenae
damaged plants at 7 dpi (Fig. 7c; Table S10). After high M. incognita den-
sity infection, the content of tetradecane and hexadecane was highest in
S. avenae damaged plants at 3 dpi (Fig. 7d; Table S11). The content of 2-
bornanone and hexadecane was highest in S. avenae damaged plants at 5
dpi (Fig. 7e; Table S11). The content of nonanal and pentadecane was
highest in S. avenae damaged plants (Fig. 7f; Table S11). PerMANOVA
showed that M. incognita density significantly affected volatile composi-
tion, while infection time showed no obvious effect on wheat volatile
(Table S12).

3.5. Meloidogyne incognita induced photosynthesis compensation of wheat
plant

The plant photosynthesis was analyzed at different time points
and infection densities. Our results showed that M. incognita root in-
fection in low density did not significantly affect plant photosynthe-
sis at 3 dpi compared to control (Fig. 8a; Table S13). While plant
photosynthesis increased at 5 dpi and decreased at 7 dpi (Fig. 8c, e;
Table S13). When plant infected by high M. incognita density, plant
photosynthesis was increased at all the three time points compared
to control (Fig. 8b, d, f; Table S13). Plant photosynthesis was also
significantly increased in S. avenae damaged plants compared to

undamaged plant. When S. avenae and low M. incognita density co-
occurred, photosynthesis significantly increased at 5 dpi but decrease at
7 dpi compared to S. avenae damage (Fig. 8a, c, e; Table S13). Photosynthesis
in S. avenae and high M. incognita density co-occurred plant was decreased at 3
dpi but showed no significant difference at 5 or 7 dpi compared to S. avenae
damaged plant (Fig. 8b, d, f; Table S13). Two-way ANOVA showed that
M. incognita density, infection time, and interaction between them signifi-
cantly affected photosynthesis (Table S14).

4. Discussion

Plants are constantly exposed to AG and BG attackers, and have
evolved complex defense systems composed of multiple layers to
cope with attackers (Wiackers and Bezemer, 2003; Soler et al.,
2007b). This study investigated the influence of BG RKN to plant de-
fense against AG aphid. Our results showed that, with increasing in-
fection density and time, RKN triggered ISR blocked AG aphid
feeding and recruited the natural enemy of aphid. Besides, RKN in-
fection changed hormones level and increased photosynthesis of
plant.

The feeding behavior of S. avenae on 300 or 1000 M. incognita in-
fected plant was determined by EPG technology. EPG technology can
record duration and frequency of stylet tip's location and reflect the
plant defense to insects (Will et al., 2007; Chen et al., 2018; Chen
et al., 2020). Various studies showed that plant parasitic nematode
root infection can increase plant defense to AG herbivores (Hol et al.,
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Fig. 5. Wheat plant volatiles from control plant, 300 M. incognita infected plant, S. avenae damaged plant, 300 M. incognita and S. avenae co-damaged plant at
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simultaneous M. incognita and S. avenae-damaged plant. Dpi: days post inoculation. Different letters indicate significant differences (P < 0.05) among

treatments (n = 4-6).

2013; Arce et al., 2017; Guo and Ge, 2017). Similar to other studies, our
EPG results showed that M. incognita infection has an adverse effect on
S. avenae feeding, especially at 7 dpi. Interestingly, 7 d after low M. in-
cognita density damage on plant occurred, the feeding resistance to
S. avenae was observed in the plant epidermis (duration of np wave-
form), parenchyma cells (duration of C waveform), and phloem (dura-
tion of E2 waveform). Feeding resistance to S. avenae at 7 dpi in high
density M. incognita-infected plant, mainly occurred in mesophyll cells
(duration of C waveform). This may likely be attributed to the produc-
tion of certain plant external physical structural changes and internal
anti-insect secondary metabolites triggered by M. incognita infection
that hindered S. avenae feeding. Additionally, M. incognita-induced
plant direct defense against S. avenae was affected by both infection
density and time. Future research needs to evaluate the (such as wax
microstructural variation) in plant epidermis by scanning electron mi-
croscopy, as well as determine the secondary metabolites induced by
M. incognita. Such studies will help develop aphid-resistant wheat
strains by gene editing.

It is widely reported that a complex relationship exists between
hormonal pathways in plant defense, including coordination, prioriti-
zation, and cross-talk (Schweiger et al., 2014; Wei et al., 2014; Ku
et al., 2018; Jang et al., 2020). Our studies showed that hormone sig-
naling pathways mediated by M. incognita regulate defense responses
to S. avenae. After M. incognita infection, JA amount was increased
while SA showed no significant changes. In addition to the fact that
plant had direct resistance to S. avenae feeding, JA may mediate

wheat defense against S. avenae. Previous studies also showed JA me-
diate plant defense to both nematode and aphid (Bhattarai et al.,
2008; Kusnierczyk et al., 2011; Morkunas et al., 2011; Zhao et al.,
2015; Bali et al., 2018). However, high density increased JA level at
7 dpi while low density showed no effect on JA level. Plant defense
to herbivores damage is density dependence (Underwood, 2000; Cai
et al., 2014; Desurmont et al., 2018). The interactions of the hormone
pathway trigger appropriate defense responses in plants (Morkunas
et al., 2011; Schweiger et al., 2014; Wei et al., 2014; Jang et al.,
2020). Thus, a comparative analysis of the link between gene expres-
sion of hormone signals and induced downstream defense metabolites
is required to confirm this hypothesis in different plant-herbivores
systems.

Insect damage on plants results in the emission of volatile organic
compounds. These VOCs are indirect plant defenses that recruit the nat-
ural enemies to the attacking herbivore (Bruce et al., 2005; Duan et al.,
2019). Root attacking organisms have been reported to trigger the emis-
sion of VOC in AG organs (Rasmann and Turlings, 2007; Soler et al.,
2007b). Our study showed that high density M. incognita induced
plant volatile had a strong attraction to H. axyridis in wheat plant at
7 dpi. H. axyridis also preferred odors from simultaneously 7 dpi with
RKN and S. avenae fed wheat plant. This can be linked to plant volatile
profiles which showed that nematode-mediated indirect resistance in
wheat plant plays an important role in defense against S. avenae. How-
ever, S. avenae induced more volatiles at 7 dpi compared to M. incognita
and S. avenae co-damaged plant. Although the plant volatile contents
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Fig. 6. Wheat plant volatiles from control plant, 1000 M. incognita infected plant, S. avenae damaged plant, 1000 M. incognita and S. avenae co-damaged plant at different time
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damaged plant; M + S: simultaneous M. incognita and S. avenae-damaged plant. Dpi: days post inoculation. Different letters indicate significant differences (P < 0.05)

among treatments (n = 4-6).

were not stable in this study, herbivores evolve sophisticated olfactory
systems and show a positive response to proportionally volatile blends.
To further find the specific volatile in responsible to attracting
H. axyridis, there is a need for in-depth studies using GC-EAD methods
to test H. axyridis response to volatile compounds in different concentra-
tions.

Plant can increase photosynthetic ability and adopt a tolerance
strategy under biotic pressure (Johnson et al., 2012; Karley et al.,
2016; Nalam et al., 2019). Wheat plant displayed an increase in photo-
synthetic ability following M. incognita damage, especially after high
density M. incognita damage. M. incognita damage also increased photo-
synthetic ability when S. avenae damage occurred. Our findings showed
that plant may allocate energy to tolerance under M. incognita infection.
Bali et al. applied JA to induced tolerance on RKNs infected plants
through altered photosynthesis (Bali et al., 2018). Plant can balance
growth and defense to better adapt to the environment (Huot et al.,
2014; Robert et al., 2014; Zust and Agrawal, 2017). Therefore, trade-
off between plant growth and defense signals induced by nematode
need to be further tested.

In conclusion, wheat defense to M. incognita can transmit from root
to shoot, which block S. avenae feeding and recruit H. axyridis. This ef-
fect was modulated by hormones and volatile content and influenced
by M. incognita infection density and time. Our results provide basis
for future studies underlying the ecological implications behind plant
interacting with BG M. incognita to predict AG S. avenae performance.
Further studies need to elucidate the pathway involved in tolerance

and resistance cross-talk, and also explore the ecological implications
of root-shoot defense response in wheat to the target and other similar
pests.
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