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Summary

� Dodders (Cuscuta spp.) are shoot holoparasites, whose haustoria penetrate host tissues to

enable fusion between the parasite and host vascular systems, allowing Cuscuta to extract

water, nutrients and other molecules from hosts. Aphids are piercing–sucking herbivores that

use specialized stylets to feed on phloem sap. Aphids are known to feed on Cuscuta, but how

Cuscuta and its host plant respond to aphids attacking the parasite was unknown.
� Phytohormone quantification, transcriptomic analysis and bioassays were performed to

determine the responses of Cuscuta australis and its soybean (Glycine max) hosts to the feed-

ing of green peach aphid (GPA;Myzus persicae) on C. australis.
� Decreased salicylic acid levels and 172 differentially expressed genes (DEGs) were found in

GPA-attacked C. australis, and the soybean hosts exhibited increased jasmonic acid contents

and 1015 DEGs, including > 100 transcription factor genes. Importantly, GPA feeding on

C. australis increased the resistance of the soybean host to subsequent feeding by the leaf-

worm Spodoptera litura and soybean aphid Aphis glycines, resulting in 21% decreased leaf-

worm mass and 41% reduced aphid survival rate.
� These data strongly suggest that GPA feeding on Cuscuta induces a systemic signal, which

is translocated to hosts and activates defense against herbivores.

Introduction

Plants are challenged by various environmental stresses, including
insect herbivory. The pressure of herbivory by diverse insects has
selected for sophisticated signaling systems in plants to perceive
insect feeding and reconfigure transcriptomes, proteomes and
metabolomes to cope with the attackers (reviewed in Wu & Bald-
win, 2010; Barah & Bones, 2015). According to the mode of
feeding, insect herbivores can be classified into two groups: chew-
ing and piercing–sucking feeders. Chewing feeders are mainly
beetles and their larvae (Coleoptera) or caterpillars (Lepidoptera)
(Schoonhoven et al., 1998). Chewing insects usually cause dam-
age to large areas of tissue, leading to a rapid increase in the con-
centration of jasmonates and changes in other defense-related
hormones, and accumulation of defensive metabolites, which are
toxic, repellent or anti-nutritive (Wu & Baldwin, 2010). Aphids
(Hemiptera, Aphididae) are piercing–sucking feeders (Tjallingii
& Esch, 1993). Aphid herbivory does not cause large lacerations
and tissue losses, but still results in significant growth retardation
of host plants, mainly due to deprivation of phytosynthates and

free amino acids, a decrease in photosynthetic rates, and some-
times viral infections vectored by aphids (Reviewed in de Vos
et al., 2007; Smith & Boyko, 2007).

Plants are able to recognize aphid attack and deploy aphid-
specific defenses (de Vos et al., 2007; Z€ust & Agrawal, 2016).
Genetic and biochemical studies have revealed that various
factors are involved in plant defense against aphids, such as R
gene-mediated resistance pathways known from plant–pathogen
interactions, mitogen-activated protein kinases (MAPKs), and
importantly, phytohormone signaling (Rossi et al., 1998; Moran
& Thompson, 2001; Li et al., 2006; Z€ust & Agrawal, 2016).
Jasmonic acid (JA) and its derivatives, and salicylic acid (SA) are
considered to be the most important phytohormone signaling
systems in plant defense against aphids, and aphid-induced JA
and SA levels vary with specific plant–aphid interactions, result-
ing in fine-tuning of defenses (Z€ust & Agrawal, 2016). More-
over, transcriptomic profiling has indicated that a large number
of genes are involved in plant-aphid interactions. For example,
using microarrays, De Vos et al. (2005) found that 2181 genes of
Arabidopsis thaliana exhibited changed transcript abundance after
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green peach aphid (Myzus persicae) feeding. In response to corn
leaf aphid (Rhopalosiphum maidis) feeding, hundreds of genes
were differentially regulated in maize (Zea mays) leaves, and the
upregulated maize terpene synthases TPS2 and TPS3 were found
to confer aphid resistance (Tzin et al., 2015). Transcription fac-
tors (TFs) serve as important regulators of plant development
and stress responses by controlling specific pathways (Rushton
et al., 2010; Buscaill & Rivas, 2014), and emerging lines of evi-
dence have revealed the roles of TFs in plant defense against
aphids (Atamian et al., 2012; Kerchev et al., 2013; Wu et al.,
2015; Kloth et al., 2016).

In addition to the defense responses in the insect-attacked
(local) tissues, nondamaged distal (systemic) plant parts also
respond to insect feeding. Green & Ryan (1972) discovered that
wounding tomato (Solanum lycopersicum) leaves increased the
activity of proteinase inhibitors, which are powerful anti-digestive
proteins, in the systemic leaves, indicating that a mobile signal
was produced in the wounded local leaf and traveled to systemic
leaves to activate defenses. Caterpillar feeding- or wounding-
induced systemic signaling has been studied in several plant
species, especially the solanaceous species tomato, tobacco (Nico-
tiana tabacum), and the brassicaceous species Arabidopsis (Ara-
bidopsis thaliana) (Wu & Baldwin, 2010). Electrical signals,
MAPKs and JA signaling are all involved in this process (Glauser
et al., 2008; Koo et al., 2009; Mousavi et al., 2013; Salvador-
Recatala et al., 2014; Song et al., 2017). Yet little is known about
systemic signaling involved in plant defense against piercing–
sucking insects. Using cDNA microarrays, Divol et al. (2005)
found that green peach aphid (GPA, Myzus persicae) feeding on
celery (Apium graveolens) leaves led to differential regulation of
126 genes in systemic phloem tissues. GPA feeding on Arabidop-
sis also induced the increase of trehalose in systemic leaves
(Hodge et al., 2013).

Plants also may be attacked by other plants which have evolved
to be parasites, and because these parasites extensively exchange
molecules with their hosts, they provide interesting systems for
the study of plant systemic and between-plant signaling. Aphids
are among the few insect groups found to feed on parasitic plants.
Approximately 4000 plant species distributed in at least 13 fami-
lies are parasitic, and they all use a specialized organ, the hausto-
rium, to penetrate host tissues and form vascular connections
with hosts to draw water and nutrients (Barkman et al., 2007;
Heide-Jørgensen, 2008). Consistent with their distinctive
lifestyles, many parasites, especially the holoparasites, have highly
altered morphologies, such as no or only vestigial roots and/or
leaves. Moreover, parasitic plants are some of the most intriguing
plant species, as they are no longer autotrophs but instead depend
on their host plants for nutrition, and have unique ecology and
evolutionary histories.

The genus Cuscuta (Convolvulaceae) consists of c. 200 species
(Costea et al., 2015), commonly known as dodders, which are
worldwide distributed obligate stem parasites ranging from hemi-
to holoparasitic (Dawson et al., 1994; Braukmann et al., 2013).
Cuscuta seedlings do not have cotyledons and their roots are rudi-
mentary and ephemeral, and they survive only 1–3 wk after ger-
mination without parasitizing suitable host plants (Behdarvandi

et al., 2015). Attached Cuscuta plants lack roots while their leaves
are reduced to little scales, and their wire-like stems coil around
host shoots and form a large number of haustoria, supporting
growth and parasitization (Yoshida & Shirasu, 2012). Very little
is known about the interactions between Cuscuta–host systems
and insects. Cuscuta parasites are attacked only by very few
insects, including aphids and curculionid beetles of the genus
Smicronyx (Coleoptera, Curculioninae) (Harvey, 1966; Costea &
Tardif, 2006). The GPA feeds on plant species in over 40
families (Blackman & Eastop, 1984), including Cuscuta species
(Harvey, 1966).

The vascular systems of Cuscuta and host plants are fused
(Dawson et al., 1994), allowing not only inter-plant transfer of
water and nutrients from the hosts to the parasites, but also
exchange of mRNAs (David-Schwartz et al., 2008; Kim et al.,
2014) and probably proteins (Haupt et al., 2001; Jiang et al.,
2013). Certain host primary and secondary metabolites, such as
sucrose, amino acids and glucosinolates (defensive metabolites in
Brassicaceae), also can be translocated from hosts to Cuscuta
(Birschwilks et al., 2006; Smith et al., 2016). Recently, it was
found that when Cuscuta plants simultaneously parasitize multi-
ple hosts and a host is attacked by caterpillars, Cuscuta can trans-
mit herbivory-induced systemic signals to the other host plants
and activate defense-related responses (Hettenhausen et al.,
2017). All of these lines of evidence demonstrate that Cuscuta
and its hosts may extensively exchange molecules, including those
having signaling functions. It also should be noted that her-
bivory-induced emissions of plant volatiles may elevate the
defense levels of adjacent plants (Dicke & Baldwin, 2010; Kar-
ban et al., 2014). Likewise, inter-plant signaling also has been
found to be conveyed by common mycorrhizal mycelial networks
(Babikova et al., 2013; Song et al., 2014).

In this study, we aimed to investigate whether GPA feeding on
Cuscuta induces local defense responses in the attacked Cuscuta
plants, whether Cuscuta sends systemic signals to the hosts, and if
the systemic signals can elevate the resistance of hosts to subse-
quent insect attack.

Materials and Methods

Plants and insects

Plants were grown in a glasshouse with a 16 h : 8 h, light : dark
cycle. Natural sunlight was supplemented with four sodium lights
(Philips Sun-T Agro 400, Philips Lighting, Amsterdam, the
Netherlands) evenly distributed in the 16-m2 glasshouse from
06:00–09:00 h and 18:00–22:00 h. The temperature was kept at
c. 25°C : 18°C, day : night. Soybean (Glycine max (L.) Merr. var.
Huachun 6) seeds were directly sown into soil (Pindstrup Blond
Gold, http://www.pindstrup.com) in 1 l plastic pots. Cuscuta
australis R.Br. seeds were originally purchased from a traditional
medicinal herbs store in Kunming, China, in 2011. The species
was identified morphologically, including floral traits (Support-
ing Information Fig. S1), by Dr. Fenggen Guo (Yunnan Agricul-
tural University, Kunming, China) and using molecular markers
(Stefanovic et al., 2007). Voucher specimens of C. australis can be
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accessed at the Herbarium of the Kunming Institute of Botany,
Chinese Academy of Sciences (accessions nos. WJQ-001-1 and
WJQ-001-3). The seeds were propagated for five generations and
seeds from the fifth generation were used for all experiments.
Germination of C. australis seeds followed Li et al. (2015). Each
C. australis seedling (3-d-old) was placed in a 1.5 ml microcen-
trifuge tube containing 200 ll of water, and each tube was
pressed into the soil 2–3 cm from the stem of a 3-wk-old soybean
plant, enabling C. australis seedlings to attach to the soybean
hosts. C. australis plants were allowed to grow for an additional
4 wk, when the parasite was still at the vegetative growth stage.

GPAs (Myzus persicae Sulzer) used in this study are the off-
spring of a single aphid originally collected from a brassicaceous
plant at the Kunming Institute of Botany, Chinese Academy of
Sciences, Kunming, China, in the summer 2015. GPAs were
reared for many generations on tomato (Solanum lycopersicum
L.), cabbage (Brassica oleracea L.) and sweet pepper (Capsicum
annuum L.) plants (in random order, but the host plants were
always changed every month), in order to minimize the risk that
GPAs may carry viruses. Cabbage plants were provided as the
food for GPAs for the month before the experiment. Soybean
aphids (Aphis glycines Matsumura) were obtained from Dr Dun-
lun Song (China Agricultural University, Beijing, China) and
were reared on soybean plants. All aphids were grown on their
respective host plants in insect cages at 23°C (16 h : 8 h,
light : dark). No symptoms of viral infections were observed on
any of the host plants. Cotton leafworm (Spodoptera litura Fabri-
cius, Lepidoptera, Noctuidae) eggs were purchased from Beijing
Genralpest Company (http://genralpest.b2b.hc360.com/) and
kept in a growth chamber at 16 h 26°C : 8 h 24°C, light : dark
until the larvae hatched. The cotton leafworm neonates were used
to infest plants.

GPA-infested C. australis effects on the transcriptomic and
phytohormonal responses of its soybean host

For GPA treatment on C. australis, five exploratory stems of each
C. australis plant were treated with 30 adult GPAs (treatment or
pretreatment group), which were enclosed together in a clip cage
(3 cm diameter), at a position c. 10 cm away from haustorial
insertions (Fig. 1a). For the control treatment, empty clip cages
were clipped on C. australis exploratory stems in a similar way
(Fig. 1a). After 24 h of GPA feeding, plant tissues (soybean: the
third trifoliate leaves; C. australis: the exploratory stems enclosed
in the clip cages) were collected and immediately frozen in liquid
nitrogen for RNA-seq analysis (three biological replicates) or for
phytohormone determination (five biological replicates).

Extraction and quantification of phytohormones

For quantification of jasmonic and salicylic acids (JA and SA),
c. 100 mg of fresh mass of soybean leaves or C. australis
exploratory stems (Clayson et al., 2014) were ground in liquid
nitrogen and 1 ml of ethyl acetate spiked with the internal stan-
dards (20 ng of D4-SA and 100 ng of D5-JA) was added to each
sample (five biological replicates). After a 10 min vortexing step,

followed by centrifugation at 13 000 g for 15 min at 4°C, the
supernatants were evaporated to dryness in a vacuum concentra-
tor (Eppendorf) at 30°C. Samples were resuspended in 600 ll of
70% methanol (v/v) and again centrifuged at 13 000 g for 15 min
at 4°C to remove particles. The supernatants were analyzed on a
high performance liquid chromatography-tandem mass spec-
trometer (HPLC-MS/MS; Shimadzu LCMS8040 system), fol-
lowing a method published previously (Wu et al., 2007).

RNA-seq and data analysis

The third trifoliate leaves of soybean and C. australis exploratory
stem samples were ground in liquid nitrogen. The total RNA
from each sample (three biological replicates) was extracted using
TRIzol reagent (Invitrogen), and the concentrations were quanti-
fied on a NanoDrop (Thermo Scientific, Waltham, MA, USA).
The cDNA libraries were constructed using an Illumina TruSeq
RNA Sample Prep Kit (Illumina, San Diego, CA, USA) follow-
ing the manufacturer’s protocol and the resulting cDNA libraries
were sequenced on an Illumina HiSeq2000 platform. Raw reads
were filtered to remove low-quality reads according to the
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Fig. 1 Changes of jasmonic acid (JA) and salicylic acid (SA) levels in
Cuscuta australis and the soybean (Glycine max) host plants after green
peach aphid (GPA) feeding on C. australis. (a) A schematic of the
experimental setup. Empty clip cages or clip cages each containing
30 GPAs were attached to C. australis exploratory stems to form the
control and treatment group, respectively. After 24 h of feeding,
C. australis in the clip cages and the third trifoliates of soybean were
harvested. The contents of SA and JA were determined in (b) C. australis
and in (c) soybean leaves. Asterisks indicate significant differences
between control and treatment groups determined by Student’s t-test
(n = 5; *, P < 0.05; **, P < 0.01). Error bars are � SE.
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following procedure: remove reads with adaptor sequences using
CUTADAPTE (Martin, 2011); remove reads in which the percent-
age of unknown bases (N) was > 10%; remove low-quality reads.
Thereafter, a total of 66 364 614 bp clean reads containing
> 15.8 Gb pairs were obtained from soybean samples (NCBI
accession no. PRJNA386612), and for C. australis, a total of
52 028 817 bp of clean reads containing > 12.3 Gb pairs of clean
nucleotides were obtained (NCBI accession no. PRJNA386215).
The resulting set of soybean reads was aligned and assembled
with the soybean Gmax-189 genome sequence using TOPHAT and
CUFFLINKS software (Trapnell et al., 2009, 2012). Transcript
abundance calculation, identification of differentially expressed
genes (DEGs), and downstream analyses also were carried out
using TOPHAT and CUFFLINKS (Trapnell et al., 2009, 2012).
Because Cuscuta genomes were not available, C. australis tran-
scriptomes were assembled de novo using TRINITY (Haas et al.,
2013) with default parameters (k-mer = 25). Transcript abun-
dance was calculated using the method reads per kb per million
reads (RPKM).

Differential gene expression was inferred based on the total
mapping counts using the Bioconductor DESEQ package (Anders
& Huber, 2010) implemented in R (R Development Core Team,
https://www.r-project.org), taking into account a batch effect
between the different biological experiments. Only genes that
were detected in at least two biological replicates within a group
and whose counts were above the detection threshold (1 count
per million) were used in the analyses. The thresholds applied
were false discovery rate (FDR) ≤ 0.05 and the absolute value of
log2 (treatment/control) ≥ 1.

Unigenes were functionally annotated using protein sequence
similarities and Gene Ontology (GO) databases. We searched all
unigene sequences against protein databases Nr using BLASTX
(e-value = 0.00001). Protein function was predicted based on the
most similar proteins in these databases. Functional classification
of expressed genes exploited the GO (www.geneontology.org).
GO terms enriched in DEGs were analyzed using DAVID Bioin-
formatics Resources 6.7 (https://david.ncifcrf.gov), using the GO
annotations assigned to the most similar Arabidopsis homolog of
each DEG. Over-representation analysis was performed using
METGENMAP (Joung et al., 2009) to reveal significantly changed
pathways in G. max and C. australis, using the most similar
Arabidopsis homologs as the input data.

Given the important role of transcription factors (TFs) in reg-
ulating plant growth and development, as well as stress responses
(Rushton et al., 2010; Buscaill & Rivas, 2014), differentially reg-
ulated TFs were identified to gain insight into the key regulators
of GPA-induced responses in C. australis and soybean plants. A
Plant Transcription Factor Database PlantTFDB v.3.0
(http://planttfdb.cbi.pku.edu.cn/) was used to identify soybean
and C. australis TFs, using BLASTX with an e-value threshold
≤ 1E-5, and the best hits were retained as the putative TFs.

RT-qPCR

Total RNA extraction and quantification followed the same
method as above, and 0.5 lg of total RNA per sample was reverse

transcribed using oligo(dT) and Superscript II reverse transcrip-
tase (Invitrogen). Reverse transcription quantitative polymerase
chain reaction (RT-qPCR) was performed on a CFX Connect
real-time system (Bio-Rad) using iTaqTM Universal SYBR
Green Supermix kits (Bio-Rad). For each analysis, a linear stan-
dard curve, threshold cycle number vs log (designated transcript
level), was constructed using a series dilution of a specific cDNA
standard; the levels of the transcript in all unknown samples were
determined according to the standard curve. The soybean actin
gene, which is a housekeeping gene, was used as an internal stan-
dard for normalizing cDNA concentration variations. Relative
transcript levels of genes were obtained by dividing the extrapo-
lated transcript levels of the target genes by the levels of actin
from the same sample. Sequences of primers used for RT-qPCR
are listed in Table S1.

GPA-infested C. australis effect on the insect resistance of
its soybean host

In order to determine whether GPA feeding on C. australis
changes soybean resistance to chewing insects, C. australis on soy-
bean plants were initially treated with 30 GPAs for 3 d as
described above (pretreatment group) or were kept aphid-free
(only clip cages, as the control group). Twenty soybean plants
from the pretreatment and 20 from the control group were
infested with cotton leafworm neonates (three enclosed in separate
clip cages for each plant). These larvae were allowed to feed on
soybean for 3 d before their masses were recorded. To determine
soybean’s resistance to soybean aphids (Aphis glycines), 3 d after
pretreatment with GPAs, soybean plants (20 per group) from the
pretreatment and control group were infested with soybean aphids
(20 apterous adult A. glycines for each plant, which were all
enclosed in the same clip cage). After 24 h, the adult soybean
aphids were removed and 10 neonates were left in the clip cages,
and after another 3 d, the number of surviving aphids in each clip
cage was recorded to determine the survival rates. During all of
these experiments, GPAs were not removed from C. australis.

Detection of volatile-induced systemic responses in
soybean plants

Soybean plants were infested with C. australis as described above,
and every two parasitized soybeans were placed c. 10 cm apart
from each other without allowing inter-host dodder connections,
and one of the C. australis was treated with the GPA feeding or
untreated (empty clip cage) as above. After 24 h, the leaves of the
neighboring soybean plants, which received the released volatiles,
if there were any, were harvested. These leaves were used for
RT-qPCR analysis.

Insect-infested soybean effect on GPA resistance of
C. australis

In order to examine whether cotton leafworm or soybean aphid
feeding on soybean alters the resistance of C. australis to GPA,
three leafworm neonates in separate clip cages per plant, or 20
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adult aphids together in one clip cage/plant were allowed to feed
on 20 soybean host plants for 3 d, and these plants were used as
the pretreatment group; soybean host plants treated exactly the
same but without enclosing any insects in the clip cages were used
as controls. Three days after leafworm or aphid pretreatment, five
exploratory stems of each C. australis from the pretreatment and
control group were enclosed together in a clip cage, in which 20
apterous adult GPAs were released, and after 24 h, the adult
aphids were removed and 10 neonates were left in the clip cages.
In another 3 d, the number of surviving GPAs were recorded to
determine the survival rates. Leafworms or soybean aphids were
kept in the clip cages during the experiment.

Results

Aphid infestation on C. australis induces phytohormonal
responses in C. australis and soybean host

We first sought to determine whether aphid herbivory on
Cuscuta leads to phytohormonal changes in Cuscuta and host
plants. A soybean–C. australis–GPA system was used to study the
phytohormonal responses of C. australis and soybean hosts to
GPA infestation on C. australis (Fig. 1a). Compared with those
in the control group (Fig. 1a), the SA and JA contents in GPA-
treated C. australis decreased 58% and 41%, respectively, indicat-
ing that C. australis had a phytohormonal response to GPA feed-
ing (Fig. 1b). Although soybean plants were not attacked by
GPA, the contents of JA increased 3.4-fold, whereas the SA levels
exhibited no significant change (Fig. 1c).

Both C. australis and the soybean host respond to GPA
feeding on C. australis with transcriptomic reconfiguration

De novo assembling of the C. australis transcriptome resulted in a
single set of 114 380 nonredundant unigenes with N50 of
1282 bp and average contig size of 1020 bp, and this was similar
to a former transcriptome study of Cuscuta pentagona, which is
closely related to C. australis (both belong to the subgenus Gram-
mica), in which a final transcriptome containing 79 867 tran-
scripts with N50 of 1550 bp and an average contig size of 1005 bp
was obtained (Ranjan et al., 2014). This set of unigenes was used
as a reference transcriptome for further analysis. For the soybean
transcriptome, clean reads were aligned to the soybean genome
(Schmutz et al., 2010), resulting in an average of 94.8% reads that
matched either to unique or to multiple genome locations. The
alignment results were further assembled into transcripts. To gain
insight into the overall transcriptional responses of C. australis and
the soybean host to the feeding of GPA, the RPKM of each uni-
gene was used for expression level analysis. The unigenes were
considered to be differentially expressed when the RPKM values
between treatment and the control group displayed more than
one-fold changes with false discovery rates (FDR) < 0.001.

Compared with those in the control group, GPA feeding-
treated C. australis exhibited 172 (90 up- and 82 downregulated)
DEGs (Fig. 2a; Table S2), whose enriched GO terms included
‘response to abiotic stimulus’, ‘vacuole’, and ‘reproductive

developmental process’, ‘reproductive structure development’
and ‘peptidase activity’ (Fig. 2a). Probably due to the small num-
ber of DEGs, Plant METGENMAP analysis indicated that there
was only one significantly altered pathway, ‘cytokinins degrada-
tion’ (Fig. 2a).

Strikingly, many more DEGs were identified in the soybean
hosts: 1015 DEGs in soybean responded to aphid feeding on
C. australis (Fig. 2b; Table S3), and these were c. 3% of the
expressed genes in soybean. Different from C. australis, in which
up- and downregulated genes were almost in a 1 : 1 ratio, 324
genes were upregulated and 691 genes were downregulated in
soybean. GO analysis indicated that ‘metabolic process’, ‘catalytic
activity’, ‘response to stimulus’, ‘membrane’ and ‘response to
stress’ were among the highly enriched GO terms (Table S3). We
found that based on Plant METGENMAP analysis, the significantly
altered pathways included ‘JA biosynthesis’, ‘divinyl ether biosyn-
thesis II (13-LOX)’, ‘13-LOX and 13-HPL’, ‘simple coumarins
biosynthesis’, ‘cellulose biosynthesis’ and ‘phenylpropanoid
biosynthesis’ (Fig. 2b).

In order to discover the TFs involved in C. australis and soy-
bean response to GPA feeding on C. australis, the DEGs were
searched against the Plant TF database as queries. Fourteen TFs
were induced or repressed in response to GPA feeding in
C. australis, and these genes were distributed in eight different
families: MIKC, bHLH, HB-other, HSF, Trihelix, ERF, bZIP
and WRKY (Fig. 3a; for complete list see Table S4). Among
these, five were upregulated, whereas nine were downregulated by
GPA feeding for 24 h (Fig. 3a). In the soybean DEGs, 108 TFs
from 24 families were identified and half of them belong to the
ERF, bHLH, NAC, MYB and MYB-related TF families (Fig. 3b;
for complete list see Table S5). Among all the regulated soybean
TFs, 20 were upregulated, whereas 88 were downregulated by
GPA feeding; notably, the top 15 most regulated TFs were all
downregulated, including seven ERFs (Fig. 3b). These data are
consistent with the transcriptomic data in which many more
genes were repressed than upregulated.

In order to rule out that GPA-induced volatiles from
C. australis could activate the detected transcriptomic responses in
the soybean hosts, C. australis plants were treated with GPA feed-
ing or untreated, and after 24 h, we harvested the leaves of the
nonconnected neighboring soybean plants, which received the
released volatiles, if there were any (see the Materials and Methods
section for details). Six genes, highly induced after C. australis
feeding by GPA for 24 h, were randomly selected from the soy-
bean transcriptomes to quantify their relative expression levels in
this setup. RT-qPCR analysis did not find that any of those genes
had differences in expression levels between exposed and nonex-
posed soybean leaves (Fig. S2), indicating that there were no air-
borne signals released from GPA-infested C. australis that could
activate transcriptional changes in the soybean host plants.

Aphid herbivory on C. australis induces resistance to cotton
leafworm and soybean aphids in soybean hosts

Given that GPA feeding on the parasite C. australis resulted in
altered levels of phytohormones and large transcriptomic
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rewiring in the soybean host plants, we next examined whether
these physiological changes could induce soybean for enhanced
resistance to insects. We used cotton leafworm neonates to infest
the soybean hosts from the control and the GPA pretreatment
group, and these larvae were allowed to feed on soybean for 3 d.
Leafworms feeding on the control group had an average mass of
0.96 mg, whereas the average mass of those on the treatment
group was 0.76 mg (21% smaller) (Fig. 4a). Likewise, soybean
hosts from the GPA pretreatment group and the control group
were infested with soybean aphids, as GPAs do not feed on soy-
bean, and we found that the survival rate of the soybean aphid
neonates feeding on the control group was 46%, but that of the
soybean aphids on the GPA pretreatment group decreased to
27% (Fig. 4b).

Herbivory on soybean host does not enhance the resistance
of C. australis to green peach aphids

Feeding of leafworm larvae on soybean hosts led to transcrip-
tomic changes in C. australis (Hettenhausen et al., 2017). Thus,
we investigated whether leafworms or aphids feeding on soy-
bean plants altered the resistance of C. australis to GPAs.
However, no differences in GPA survival rates were found
between the control and the leafworm or aphid pretreatment
group (Fig. S3).

Discussion

Cuscuta infestation alters host physiology and has a strong impact
on the interactions between host plants and insects: compared
with unparasitized tomato plants, those parasitized by Cuscuta
pentagona produced only one third of beet armyworm
(Spodoptera exigua) herbivory-induced jasmonic acid (JA); how-
ever, armyworm growth was slower on the parasitized tomato
(Runyon et al., 2008). An increasing number of studies have
revealed translocation of metabolites, proteins, and mRNAs
between Cuscuta and host plants through haustorial connections
(Haupt et al., 2001; Birschwilks et al., 2006; Furuhashi et al.,
2012; Kim et al., 2014; Smith et al., 2016). However, little is
known about whether there are any signals exchanged between
the host and Cuscuta. In this study, we show that when green
peach aphids (GPAs) fed on C. australis, the parasite responded
with altered phytohormone concentrations and changes in the
transcript levels of > 170 genes (Fig. 2), and importantly, elicited
strong defense-related reactions in the host as measured by
increased JA levels (Fig. 1), large transcriptomic reconfigurations
(Fig. 3), and elevated resistance to the chewing herbivore cotton
leafworm (Spodoptera litura) and piercing-sucking herbivore soy-
bean aphid (Aphis glycines) (Fig. 4), presumably resulting from a
systemic signal traveling to the soybean host plants. Aphids are
known to vector a number of phytopathogenic viruses (Nault,

(a)

(b)

Fig. 2 Overview of transcriptomic responses
of Cuscuta australis and the host soybean
plants after green peach aphid (GPA) feeding
on C. australis. Empty clip cages or clip cages
each containing 30 GPAs were attached to
C. australis exploratory stems to form control
and treatment group, respectively, and GPAs
were allowed to feed 24 h. The C. australis
exploratory stems enclosed in the clip cages
(a) and soybean (Glycine max) leaves (the
third trifoliates) (b) were harvested for RNA-
seq analysis (n = 3). Numbers in the pie charts
indicate up- and downregulated genes (in
dark and light gray, respectively). Enriched
gene ontology (GO) terms and significantly
altered pathways are shown on the right.
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1997), and viruses can be transmitted between host plants by
Cuscuta bridge connections (Bennett, 1940). Thus, there is a pos-
sibility that the transcriptomic responses induced by GPA feeding
on C. australis were caused by viral infection. However, during
rearing of GPAs (and soybean aphids) and all experiments, we

did not find any symptoms of viral infection on any host plants.
Therefore, it is unlikely that the described defense-related
responses were due to viral infection transmitted by aphids,
although this possibility cannot completely be ruled out.

Insect feeding usually leads to changes in JA and salicylic acid
(SA) levels in the attacked plants (reviewed in de Vos et al., 2007;
Wu & Baldwin, 2010). Whether and how parasitic plants
respond to herbivory at the level of phytohormones was
unknown. We found that 24 h of GPA feeding on C. australis led
to 58% and 41% reduced SA (363–152 ng g�1) and JA (8.49–
5.05 ng g�1), respectively, in the parasites (Fig. 1b). It is known
that aphid feeding can manipulate the plant defense responses.
For example, transcriptomic profiling of two soybean (Glycine
max) cultivars, one with the Rag1 aphid-resistance gene, and the
other aphid-susceptible (without Rag1), to the feeding of soybean
aphid revealed that soybean aphids may activate the abscisic acid
pathway to suppress SA- and JA-mediated defense (Studham &
Macintosh, 2013). Aphid saliva also contains effectors that share
features with plant pathogen effectors and affect plant physiology
(Bos et al., 2010; Atamian et al., 2013; Elzinga et al., 2014).
Therefore, it is possible that in C. australis, JA and SA levels are
suppressed by GPA feeding. Although JA generally positively reg-
ulates plant defense against aphids, the function of SA in plant–
aphid interactions appears species-specific (de Vos et al., 2007).
GPAs grew more slowly on Arabidopsis (Arabidopsis thaliana)
npr1 mutants (impaired in SA signaling) or Arabidopsis plants
overexpressing NahG (a SA hydroxylase) than on the wild-type
plants (Mewis et al., 2005), indicating that SA plays a negative

(a)

(b)

Fig. 3 Transcription factor (TF) genes that
are differentially regulated in Cuscuta
australis and the soybean (Glycine max) host
plants after green peach aphid (GPA)
herbivory on C. australis. (a) Distribution of
the 14 regulated TF genes in different
families in C. australis and their
transcriptional regulations. (b) Distribution of
the regulated TF genes in different families in
soybean and the transcriptional regulation of
the top 15 most regulated TF genes.
Numbers around the pie charts indicate the
count of regulated gene in that specific
family. FC, fold change.

(a) (b)

Fig. 4 Changes of soybean resistance to the chewing herbivore cotton
leafworm (Spodoptera litura) and piercing–sucking herbivore soybean
aphid (Aphis glycines). Empty clip cages or clip cages each containing 30
green peach aphids (GPAs) were attached to Cuscuta australis exploratory
stems to form control and treatment group, respectively, and GPAs were
allowed to feed for 3 d. (a) Leafworm masses on soybean plants. Soybean
plants (20 for each group) were infested with leafworm neonates (three
larvae per plant), and 3 d later, insect masses were recorded (n = 60).
(b) Soybean aphid survival rates on soybean hosts. Soybean plants (20 for
each group) were each infested with 20 adult aphids. After 24 h, all aphids
were removed except 10 neonates, and the survival rates of the neonates
were determined after another 3 d (n = 20). Asterisks indicate significant
differences between control and treatment groups determined by
Student’s t-test (*, P < 0.05; **, P < 0.01). Error bars are � SE.
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role in Arabidopsis defense against GPAs; however, exogenous
supplementation of SA to Arabidopsis decreased the reproduc-
tion of GPAs (Moran & Thompson, 2001). Whether the
decrease of SA levels has an effect on Cuscuta defense against
GPAs remains to be studied. After GPA feeding on C. australis,
we found elevated contents of JA in the soybean host plants
(Fig. 1c), indicating that a systemic signal was translocated from
C. australis to soybean and induced an accumulation of JA
(Fig. 5). The role of JA signaling in controlling plant resistance to
chewing insects has been well established (Wu & Baldwin,
2010). Thus, it is likely that the elevated JA levels, which were
elicited in soybean by GPA feeding on Cuscuta, at least partially
accounted for the increased resistance against subsequent leaf-
worm attack.

Previously, it was found that when two soybean hosts were
simultaneously parasitized by the same C. australis plants, leaf-
worms feeding on the leaves of one soybean host resulted in 904,
655 and 566 differentially expressed genes (DEGs) in the local
leaves, systemic leaves of the insect-attacked plant, and the leaves

of the systemic plant; however, only 140 DEGs were identified in
C. australis, most of which are related to primary metabolism
(Hettenhausen et al., 2017). Congruent with such a small num-
ber of DEGs, in the present study our bioassay indicated that
leafworm feeding on soybean leaves did not change the resistance
of C. australis to subsequent GPA infestation (Fig. S3), and nei-
ther did soybean aphid herbivory on soybean plants. Even direct
GPA feeding on C. australis only produced 172 DEGs (Fig. 2a).
All of these data suggest that, compared with the leaves of
autotrophic plants, Cuscuta stems probably respond little to her-
bivory or herbivory-induced systemic signals. The reason for this
remains to be explored. For example, GPA-induced transcrip-
tomic changes in Arabidopsis stems should be examined and
compared to that of Cuscuta. By contrast, in response to GPA
herbivory on Cuscuta, > 1000 genes were found to be regulated
in the soybean hosts (Fig. 2). Using soybean microarrays, which
represented c. 30% of the soybean genome, Li et al. (2008) found
at most only c. 100 differentially regulated genes in the local soy-
bean leaves 6 h post-soybean aphid attack, and even smaller num-
bers of genes were found after 12 h. GPA attack on Arabidopsis
changed the expression levels of > 2000 genes (De Vos et al.,
2005), and almost 1000 genes were differentially regulated in the
treated maize leaves after Rhopalosiphum maidis (maize aphid)
feeding (Tzin et al., 2015). The large discrepancy may arise from
plant and aphid species-specific differences and different means
of treatment, including the number of aphids and the sampling
times, as transcriptome profiles change over time. At least, we
could conclude that the GPA herbivory-induced systemic signal
from C. australis can elicit a strong transcriptomic reconfigura-
tion in the soybean host (Fig. 5). It would be interesting to com-
pare the similarity between transcriptomic changes in systemic
soybean tissues after aphid feeding on soybean local leaves and
after GPA feeding on C. australis, which parasitizes soybean.

Harvey (1966) found that among 30 aphid species examined,
14 can live well enough on Cuscuta campestris to complete a gen-
eration, when this species parasitized on at least one of 16 differ-
ent host plants tested. Whether Cuscuta spp. always respond to
the feeding of different aphid species with small transcriptomic
changes should be studied. If Cuscuta spp. do exhibit minor
responses, it is conceivable that the small transcriptomic changes
in aphid-infested Cuscuta plants may at least partly account for
their susceptibility to aphids.

Although several studies have revealed the involvement of
Ca2+, electric signals, reactive oxygen species and JA (or its
derivatives) in wounding/chewing insect-induced systemic signal-
ing (Li et al., 2002; Koo et al., 2009; Miller et al., 2009; Mousavi
et al., 2013; Kiep et al., 2015; Zimmermann et al., 2016), how
the aphid-induced systemic signal is generated and transmitted
remains elusive. Our data strongly suggest that the aphid her-
bivory-induced mobile signal is likely to be well conserved, given
that this signal was presumably produced in C. australis (Con-
volvulaceae), and after being transported by C. australis and soy-
bean (Fabaceae) stems, it reached soybean leaves and induced
downstream responses (Fig. 5). Recently, we found that when a
C. australis connects two hosts of different families, such as Ara-
bidopsis (Brassicaceae) and tobacco (Nicotiana tabacum,

Fig. 5 A working model depicting the responses induced by aphid feeding
on Cuscuta. Aphid feeding on Cuscuta elicits changes in phytohormones,
such as jasmonic acid and salicylic acid, and transcriptomic
reconfigurations, which are mainly regulated by transcription factors (TFs),
leading to accumulation of defensive metabolites in Cuscuta. Aphid
feeding also activates a well-conserved mobile signal (red arrows), which
travels along Cuscuta stems and thereafter reaches the host. Transported
by the vascular systems, the systemic signal moves to different parts of the
host and activates accumulation of phytohormones and transcriptional
regulation of TFs, and these lead to transcriptomic changes in the host and
finally increased defensive metabolites. Black arrows indicate signaling or
regulatory pathways.
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Solanaceae) or soybean (Fabaceae) and wild tomato (Solanum
pennellii, Solanaceae), caterpillar feeding on one host strongly
induced transcriptional changes in the systemic untreated host
plants, indicating that chewing insect feeding-induced systemic
signals also are well conserved (Hettenhausen et al., 2017). Much
research is still needed to reveal the nature of the aphid feeding-
induced mobile signals and whether these signal molecules have
anything in common with the wounding- or caterpillar feeding-
induced ones.

Systemic defense is a part of plant innate immunity to insect
herbivores, providing plants with ecological benefits in the ever-
lasting battle against insect herbivores. Prado & Tjallingii (2007)
demonstrated that after three different aphid species, Brevicoryne
brassicae, Myzus persicae and Rhopalosiphum padi infested sweet
pepper (Capsicum annuum), broccoli (Brassica oleracea) and
wheat (Triticum aestivum), respectively, the systemic leaves of
these plants all exhibited elevated resistance, as subsequently
aphids preferred the respective control plants (not pretreated with
aphids) over the aphid-preinfested plants. Likewise, feeding by
GPAs and the potato aphid (Macrosiphum euphorbiae) also
resulted in elevated resistance in potato (Solanum tuberosum) sys-
temic leaves to GPA (Dugravot et al., 2007). Not only aphids,
but also infestation of two root feeders on black mustard (Brassica
nigra), the endoparasitic nematode Pratylenchus penetrans
(Tylenchida: Pratylenchidae) and the larvae of the cabbage root
fly Delia radicum (Diptera: Anthomyiidae), also decreased the
survival and development of the small white, Pieris rapae (Lepi-
doptera: Pieridae), a specialist feeding on the shoots of crucifer-
ous plants (van Dam et al., 2005). Herbivory by the root-feeding
lined click beetle Agriotes lineatus (Elateridae, Coleoptera) led to
an increase of terpenoid levels in roots as well as in leaves of cot-
ton (Gossypium herbaceum), and the leaves exhibited highly
increased resistance to beet armyworm (Bezemer et al., 2003).
Previously, it was found that C. australis haustorial connections
transmitted inter-plant systemic signals between different hosts,
such as soybean plants, and it was found that these systemic sig-
nals also enhanced host resistance to leafworms (Hettenhausen
et al., 2017). Here, we show that GPA feeding on C. australis also
positively affects the resistance of the soybean hosts to subsequent
infestation from leafworms or aphids, likely through systemic sig-
naling (Fig. 5). It is likely these inter-plant systemic signals
provide certain information-based advantage to host plants,
although overall, host fitness is decreased by parasitism. These
hypotheses should be tested by ecological field studies.
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