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Organisms in a symbiotic relationship have evolved in an 
arms race to modulate each other’s physiology. In most 
cases, symbiotic interactions elicit a local and a systemic 
response that involves an extensive transcriptional 
reprogramming of both organisms. Although the genetic 
component of these interactions has been studied for years, 
the potential exchange of genetic information between 
symbionts has remained elusive till now. The theory that an 
exchange of RNA could exist was an exciting, yet difficult-
to-prove, theory. However, in recent years, due to both the 
development of high-throughput sequencing and increase 
in genome sequence information, it has been confirmed 
that both messenger RNAs (mRNAs) and small RNAs 
(sRNAs) are exchanged between symbionts. Most strikingly, 
these foreign sRNAs are functional in the host cellular 
environment and, in most of the cases, they are involved 
in the regulation of pathogenicity and virulence. Here, 
we review the recent discovery of the exchange of sRNAs 
between a parasitic plant, Cuscuta campestris, and its host 
Arabidopsis thaliana (1), which opens new perspectives and 
questions both at the agricultural and biological levels.

RNA silencing in plants

RNAi is an evolutionary conserved mechanism in eukaryotes 
that has diversified particularly in plants, where it is termed 
RNA silencing (2). The roles of RNA silencing range from 
RNA degradation to promotion of cytosine methylation 
in the genomic DNA. Together, these events lead to the 
silencing of the gene or genomic region complementary 

to the sRNA at the transcriptional or post-transcriptional 
levels. In broad terms, the initial event of the mechanism 
is the processing of a double stranded RNA (dsRNA) by 
Dicer-like (DCL) proteins into sRNAs of 20–24 nts in size, 
which are the hallmark of the mechanism. These sRNAs 
are later loaded into Argonaute (AGO) proteins that form 
the RNA-induced silencing complex (RISC) that scans for 
other RNAs with complementarity to the sRNA and exert 
the function of the AGO protein. The sequence specificity 
mediated by the sRNA is another of the hallmarks of all 
these pathways (3).

The various functions that the different RNA silencing 
pathways accomplish include defense against exogenous 
RNAs (like viruses or transgenes) by the production 
of phased small-interfering RNA (phasiRNAs) (4),  
coordination of the developmental signals by the 
microRNA (miRNA) pathway (5) and control of genome 
stability through the regulation of transposable elements 
and promotion of heterochromatin by the RNA-directed 
DNA methylation pathway (6). The miRNA pathway 
is involved in the control of the expression of several 
genes that regulate plant development including multiple 
transcription factors like APETALA2 or Scarecrow-like (7). 
miRNAs are sRNAs of 21 nts in length produced from non-
coding transcripts with high levels of self-complementarity 
that have very characteristic hairpin-like secondary RNA 
structures. These RNA hairpins are processed by DCL1 
resulting in the production of the miRNA sequences, which 
are very stable and evolutionary conserved. miRNAs are 
then loaded into AGO1, AGO7 or AGO10, which induce 
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the cleavage or translational repression of their target 
mRNAs (3). phasiRNAs are 21–22 nt long sRNAs that are 
produced from coding or non-coding transcripts that were 
marked for degradation by specific 22 nt long miRNAs. 
This process is characterized by the biogenesis of a dsRNA 
mediated by the RNA-directed RNA polymerase 6 (RDR6) 
that is subsequently processed by DCL4 and DCL2 into 
21 and 22 nt siRNAs that are generated “in phase”. Once 
produced, phasiRNAs can target their original transcript, 
initiating an amplification of the original silencing signal or 
can target genes that have a high degree of similarity with 
the original transcript. This is the case for the regulation 
of TAS genes in Arabidopsis or leucine-rich repeat genes  
(NB-LRR) in multiple species (8).

Trans-species mobility of sRNAs

The observation that RNA silencing produces mobile 
signals that maintain the silencing status at distant tissues 
was evident from almost the first observations of the RNA 
silencing phenomenon (9,10). Indeed, sRNAs can move 
both from cell to cell and over long distances through 
the vasculature of plants from the shoot to the root (11). 
Interestingly, in recent years it has been shown that sRNAs 
can also be transmissible between organisms of the same 
species but predominantly between hosts and pathogens, 
parasites or symbionts. In most cases these sRNAs regulate 
genes that determine susceptibility or resistance. For 
example, the human pathogen Trypanosoma cruzi produces 
extracellular vesicles containing tRNA-derived sRNAs that 
regulate susceptibility to infection of mammalian cells (12). 
On the other hand, miRNAs from human erythrocytes 
are responsible for resistance against the malaria parasite 
Plasmodium falciparum (13). 

Plant pathogens seem to be very versatile and use similar 
strategies in order to facilitate their infection. Molecular 
pathogens like viruses or viroids use the RNA silencing 
pathway that was originally meant for protection against 
invading RNAs to produce host gene-targeting sRNAs. 
For example, the Cucumber mosaic virus (CMV) produces an 
sRNA that targets the chlorophyll biosynthetic gene CHLI 
leading to the production of its characteristic yellowing 
symptoms (14,15). Botrytis cinerea, the fungus that causes the 
gray mold disease, produces sRNAs that are loaded into the 
host AGO1 and silence genes that increase the susceptibility 
to its infection (16). Defense against this same fungal agent 
by the host involves the inclusion of plant sRNAs regulating 
fungal pathogenicity into extracellular vesicles that are 

transported into the fungal pathogen (17).

MicroRNAs in parasitic dodder – the ammunition 
in the battle between host and parasite?

“Dodders” is the common name for a group of parasitic 
plants of the angiosperm genus Cuscuta that looks rather 
unlike a normal plant (Figure 1A). Having been reduced to 
what is necessary for its survival and propagation, it has only 
stems to wrap around their hosts, feeding organs known 
as “haustoria” to secure the supply with nutrients, and 
flowers for reproduction. Photosynthetic carbon fixation 
is negligible (18). Every infection starts with the parasite 
coiling around the host stem (Figure 1B) and gluing itself 
onto its surface with a sticky mucilage. The developing 
haustorium then breaks through the host plant surface and 
grows until it has reached the vascular tissue. Mature Cuscuta 
haustoria produce lateral and apical finger-like scavenging 
cells called “feeding hyphae” that meander between the 
host cells. Their function is to re-direct water, minerals and 
organic compounds to the parasite. An intriguing feature 
of these hyphae is that they differentiate into the cell type 
they connect with (19), allowing an apparently seamless 
connection between the two partners. During this process, 
the Cuscuta haustorium faces a number of challenges. It has 
to first of all soften or decompose the middle lamellae and 
possibly primary cell walls of the host, in order to reduce 
the tissue cohesion and allow its own growth without, 
however, compromising its own cell wall functions. Enzymes 
involved in this process include cellulases and xyloglucan 
endotransglucosylase/hydroxylase (XET) acting on cell wall 
polymers (20,21). Alas, breakdown products of the cell wall 
and other damage-associated molecular patterns are known 
to signal wounding or a pathogen attack to the plant and 
normally induce defense reactions. For a successful infection, 
Cuscuta has to inhibit such signaling and take control over 
the defense response system of its hosts. 

A clue to how the parasite might achieve this was 
recently provided by Shahid et al. (1). They reasoned that 
if siRNAs can be easily introduced into the parasite in a 
process that became known as host-induced gene silencing 
(HIGS), the opposite might be possible, too. Indeed, when 
they compared non-infecting Cuscuta campestris (field 
dodder) stems and uninfected Arabidopsis thaliana stems with 
the interface consisting of the parasite haustorium inserted 
into the host tissue, they found 43 upregulated miRNAs 
at the interface. Forty-two of these were novel miRNAs 
that lack sufficient sequence similarity to align with any 
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known miRNAs (1). Their further studies suggest that C. 
campestris deploys these miRNAs into A. thaliana during 
the infection (Figure 1C). A majority of these miRNAs are 
from a special class of 22 nts (instead of the regular size for 
plants of 21 nts), which are known to induce the production 
of phasiRNAs from their target mRNAs. Although C. 
campestris seems to take advantage of this amplification 
effect by hijacking the host’s secondary siRNA production 
machinery (Figure 1C), the direct effect of the own deployed 
miRNAs appears to be most effective (1). 

Six mRNAs from A. thaliana were identified as targets 
of the trans-species gene silencing. Three of them encode 
auxin receptors and one encodes a membrane-localized 
kinase. For these four, roles in pathogen-induced signaling 
and plant development are implicated, indicating that these 
receptors and kinases could be part of the Cuscuta-detection 

machinery of the hosts. Another target mRNA encodes a 
predicted transcriptional repressor. The sixth target mRNA, 
finally, codes for a photosynthate sequestration regulator. Its 
downregulation, fittingly, could help the parasite to redirect 
nutrients to its own growing tissue.

Coincidence or evolutionary advantage?

C. campestris has been observed to infect a large range of 
hosts from many families across the angiosperm spectrum, 
including herbaceous plants, shrubs and trees (22). Moreover, 
multiple host species can be infected simultaneously by one 
and the same individual. This lack of host specificity entails 
that Cuscuta is likely to use mechanisms to break through 
the host tissue, silence defence mechanisms and redirect 
nutrients that are effective in many, if not all, hosts. 

A B

C

Figure 1 Cuscuta-host interactions. (A) Cuscuta campestris infecting Plectranthus scutellarioides (painted nettle); (B) close-up picture of the 
parasite coiling around the host stem. The attachment via suction-cup-like structures is visible in the bottom half of the stem. In the top half, 
the parasite was removed to reveal the damage in the host stem; (C) cartoon depicting the suggested actions of the C. campestris miRNAs in 
the host. The insert shows a cross section of an infection site where the parasite (top, painted yellow) infects a clover stem. Open questions 
regard the pathway and the cell type(s) mediating the release of the miRNAs into the host.
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Shahid et al. (1) have tested whether the miRNAs 
upregulated in the haustoria of C. campestris are also 
effective in silencing of gene expression in other species 
than in A. thaliana. They found that four of the mRNA 
target sequences are conserved in multiple species, 
indicating that the corresponding miRNAs could act on 
a range of potential hosts. Indeed, Nicotiana benthamiana, 
when infected with C. campestris, showed a similar reduced 
accumulation of TIR1 and BIK1 RNAs, which are predicted 
targets of the released parasitic miRNAs, as A. thaliana. 

In summary, this work nicely reveals that the parasitic 
plant Cuscuta has evolved miRNAs to act on its angiosperm 
hosts in a trans-species manner and manipulate their 
defence responses and/or the flow of nutrients. It will be 
interesting to see whether the same miRNAs are used 
also by other Cuscuta species and if differences in these 
miRNAs relate to differences in the host spectra. If the 
identified miRNAs are indeed solely produced with the 
intent to manipulate the host and lack primary targets in 
C. campestris itself, as was suggested by Shahid et al. (1), the 
question is whether they evolved from vertically inherited 
genes or were horizontally acquired from one of their hosts. 
Also, it will be interesting to see from which time point on 
the miRNAs are exchanged and active since the transport 
pathway is not yet understood. If miRNAs are exchanged 
through phloem connections as it seems to be the current 
understanding, they would not be able to act in their hosts 
before the connection is already well established and would 
thus not reach their full potential. At the same time it is 
unknown if there is a reciprocal transport of miRNAs from 
the host into C. campestris that could also be biologically 
active. With the recent publication of the genome sequence 
of C. campestris (22), followed closely by that of Cuscuta 
australis (23), these and other questions will without doubt 
be answered soon.
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