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Abstract

Plants  and  microbes  readily  establish  interactions  resulting  in  varying  outcomes,  ranging  from

antagonistic to beneficial for both organisms. Mutualistic interactions with reciprocal benefits are

called symbioses, and they include an exchange of nutrients between plant and microbe, as well as

growth promotion and priming against biotic and abiotic stresses within the host. The rhizosphere is

a  microbe-rich  environment  in  which  roots  come  in  contact  with  many  organisms,  including

beneficial endophytes that can colonize and proliferate inside plants. 

Recent discoveries emphasized the role of small RNAs (sRNAs) and RNA interference (RNAi) in

modulating  gene  expression  by  cross-kingdom  (ck)  communication.  In  plant-pathogen  ck

communication, sRNAs are exchanged between a plant and a microbe in a bidirectional fashion,

targeting virulence genes of the pathogen and defense-related transcripts in the plant. Beyond this

exogenous role of sRNAs, it is known that both plants and microbes reprogram their transcriptional

landscape  in  response  to  their  interactions,  by  deploying  endogenous  gene  silencing  via  micro

RNAs (miRNAs). RNAi-associated proteins, which facilitate both endogenous and ck-guided gene

silencing, are encoded by Argonaute (AGO) and Dicer-like (DCL) gene families. Since these gene

families are expanded in many plant species, we analyzed the genome of the model grass plant

Brachypodium distachyon to detect its putative AGOs and DCLs and elucidate on their structures. 

Subsequently, a novel model system for plant-endophyte research, between  B. distachyon and the

endosymbiont Serendipita indica (syn. Piriformospora indica) was established. Concurrent mRNA

and  sRNA sequencing  of  the  colonized  roots  and  control  samples  within  this  interaction  was

performed, and a previously established bioinformatics pipeline applied to predict putative sRNAs

with ck and endogenous roles. Target prediction and analysis of downregulation indicate that sRNA-

mediated silencing might be involved in growth, development, modulation of plant immunity and

fungal  nutrient  acquisition during the colonization.  Thus,  RNAi-based regulation in  this  system

provides novel insight into sRNAs in mutualistic interactions, and also promises target discovery

and translation to crop species that can be colonized by S. indica. 

The role  of  sRNA-mediated  silencing during infection  of  B. distachyon tissues  with the  fungal

pathogens Magnaporthe oryzae and Fusarium graminearum also indicated control of plant immune

responses. Evidently, sRNAs are widely utilized to navigate the transcriptional landscape in plant-

microbe interactions. Conserved plant miRNA families are also variably responsive to pathogens

and mutualists, reinforcing both the parallels and differences in plant responses. RNAi-based plant

protection,  which  utilizes  this  pathway  to  silence  pathogenic  virulence  genes,  is  an  attractive

addition to existing plant protection strategies.  We concluded that the requirements for efficient

RNAi-based application against fungal pathogens converge on stability of applied sRNA, uptake

and expression of fungal RNAi proteins. 
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Zusammenfassung

Pflanzen und Mikroben gehen leicht Wechselbeziehungen ein, die zu unterschiedlichen Ergebnissen

führen,  die  von  antagonistisch  bis  vorteilhaft  für  beide  Organismen  reichen.  Mutualistische

Interaktionen  werden  als  Symbiosen  bezeichnet  und  umfassen  den  Austausch  von  Nährstoffen

zwischen Pflanze und Mikrobe sowie die Förderung des Wachstums und die Vorbeugung gegen

biotische  und  abiotische  Stressfaktoren  im  Wirt.  Die  Rhizosphäre  ist  eine  an  Mikroben  reiche

Umgebung,  in  der  Wurzeln  mit  vielen  Mikroben  in  Kontakt  kommen,  darunter  auch  nützliche

Endophyten, die sich in Pflanzen ansiedeln und vermehren können. 

Jüngste Entdeckungen zeigen die Rolle von kleinen RNAs (sRNAs) und RNA-Interferenz (RNAi)

bei  der  Modulation der  Genexpression durch Cross-Kingdom Kommunikation (ck).  Bei  der  ck-

Kommunikation zwischen Pflanze und Pathogen werden sRNAs zwischen einer Pflanze und einer

Mikrobe  bidirektional  ausgetauscht,  wobei  sie  auf  Virulenzgene  des  Pathogens  und  auf

verteidigungsrelevante  Transkripte  in  der  Pflanze  abzielen.  Neben  dieser  exogenen  Rolle  von

sRNAs  ist  bekannt,  dass  sowohl  Pflanzen  als  auch  Mikroben  ihre  Transkriptionslandschaft  als

Reaktion auf ihre Interaktion umprogrammieren, indem sie endogenes Gen-Silencing über Mikro-

RNAs  (miRNAs)  einsetzen.  RNAi-assoziierte  Proteine,  die  sowohl  endogenes  als  auch  ck-

gesteuertes Gen-Silencing ermöglichen, werden von den Genfamilien Argonaute (AGO) und Dicer-

like (DCL) kodiert.  Da diese Genfamilien in vielen Pflanzenarten verbreitet sind, haben wir das

Genom der Modellgraspflanze  Brachypodium distachyon analysiert, um ihre mutmaßlichen AGOs

und DCLs aufzuspüren und ihre Proteinstrukturen aufzuklären. 

Anschließend wurde eine neue Modellinteraktion für die Pflanzen-Endophytenforschung zwischen

B. distachyon und dem Endosymbionten  Serendipita indica (syn.  Piriformospora indica) etabliert.

Es wurde eine gleichzeitige mRNA- und sRNA-Sequenzierung der kolonisierten Wurzeln und der

Kontrollproben  durchgeführt,  und es  wurde  eine  zuvor  eingerichtete  Bioinformatik-Pipeline  zur

Vorhersage mutmaßlicher sRNAs mit ck- und endogenen Funktionen eingesetzt. Die Zielvorhersage

und die Analyse der Herunterregulierung deuten darauf hin, dass das sRNA-vermittelte Silencing an

Wachstum, Entwicklung, Modulation der Pflanzenimmunität und Pilznährstoffakquisition während

der Kolonisierung beteiligt sein könnte. Die RNAi-basierte Regulierung in diesem System liefert

somit  neue  Erkenntnisse  über  sRNAs  in  mutualistischen  Interaktionen  und  verspricht  auch  die

Entdeckung  von  Zielmolekülen  und  deren  Übertragung  auf  Pflanzenarten,  die  ebenfalls  von  S.

indica besiedelt werden können. 

Die Rolle des sRNA-vermittelten Silencing während der Infektion von B. distachyon-Geweben mit

den  Pilzpathogenen  Magnaporthe  oryzae und  Fusarium  graminearum deutet  ebenfalls  auf  die

Kontrolle der pflanzlichen Immunreaktionen hin. Offensichtlich werden sRNAs in großem Umfang

genutzt,  um die  Transkriptionslandschaft  bei  Interaktionen zwischen Pflanzen und Mikroben zu
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steuern.  Auch  konservierte  miRNA  Familien  reagieren  unterschiedlich  auf  Pathogene  und

Mutualisten, was sowohl die Parallelen als auch die Unterschiede in den pflanzlichen Reaktionen

unterstreicht.

RNAi-basierter Pflanzenschutz, der diesen Weg nutzt, um Virulenzgene eines Pathogens zu silencen,

ist eine attraktive Ergänzung zu bestehenden Pflanzenschutzstrategien. Ich komme zu dem Schluss,

dass die Voraussetzungen für eine effiziente RNAi-basierte Anwendung gegen Pilzpathogene in der

Stabilität der applizierten sRNA und der effizienten Expression von Pilz-RNAi-Proteinen liegen. 
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Abbreviations

AGO            Argonaute
AMF            arbuscular mycorrhizal fungi 
ck                 cross-kingdom
DAMP         danger-associated molecular pattern
DCL            Dicer-like
DON            deoxynivalenol
DPI              day post infection/inoculation
dsRNA        double-stranded RNA
ETI              effector-triggered immunity
ETS             effector-triggered susceptibility
EV               extracellular vesicle
exRNA        extracellular RNA
FHB            Fusarium head blight
GMO          genetically modified organism
HIGS          host-induced gene silencing
HR              hypersensitive response
ISR             induced systemic resistance
JA               jasmonic acid
LCO           lipochitooligosaccharide
lncRNA      long non-coding RNA
mRNA        messenger RNA
MAMP       microbe-associated molecular pattern
Mb              megabase (pair)
MBCA        microbial biological control agent
MF              mycorrhizal fungi
Mo              Magnaporthe oryzae
miRNA       micro RNA
milRNA      miRNA-like RNA
NB-LRR     nucleotide-binding-leucine-rich-repeat
ncRNA        non-coding RNA
nt                 nucleotide
PAMP          pathogen-associated molecular pattern
PR gene       pathogenesis-related gene
PRR             pattern recognition receptor
PTGS          post-transcriptional gene silencing
PTI              PAMP/pattern-triggered immunity
R-gene        resistance gene
RdRP          RNA-dependent RNA polymerase
RNAi           RNA interference
rRNA           ribosomal RNA
SA                salicylic acid
SAR             systemic acquired resistance
SIGS           spray induced gene silencing
sRNA          small RNA
ss sRNA      single-stranded sRNA
ta-siRNA     trans-acting small interfering RNA
TGS             transcriptional gene silencing
tRF               tRNA-derived RNA fragment
tRNA           transfer RNA
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General introduction to plant-microbe interactions

Plants commonly establish interactions with microbial organisms such are bacteria, archaea, viruses,

fungi and oomycetes,  as well  as with complex microbial  networks composed of a multitude of

microbes  simultaneously  (van  der  Heijden  and  Hartmann,  2016).  Ubiquitous  in  nature,  these

interactions significantly contribute to the chemical and physiological landscape of the phytobiome.

Because of their complexity, existing research on relationships between plants and microbes is based

on  an  array  of  diverse  and  multifaceted  approaches.  Outside  the  oversimplified  conditions  of

laboratory  research,  plants  in  nature  come in  contact  with  microbes  on  a  spectrum of  varying

character and life styles. This spectrum, classified by the effect the microbes have on the plant,

contains  plant  pathogens,  beneficial  plant  mutualists  and  commensal  organisms.  Additionally,

depending on whether the microbes obtain nutrients from living or dead plants, they are classified as

biotrophic  or  saprophytic,  respectively,  and,  in  case  the  microbes  themselves  kill  plant  cells,

necrotrophic organisms. All of them survive and, if conditions are favorable, proliferate in and/or

around  plant  tissues,  thus  forming  what  is  known  as  the  holobiont.  Plant  interactions  are  a

multidirectional  signaling  exchange network,  in  which  individual  organisms form specific  hubs

within diverse communities. Additionally, both the host and the microbe interact and depend on

environmental conditions. Thus, understanding the qualitative and quantitative composition of these

microbial communities is necessary to present a complete picture of the plant holobiont. 

In response to microbial presence, signaling cascades and corresponding genetic reprogramming of

plant cells, as well as the microbes themselves, are under scrutiny of a multitude of genomic and

transcriptomic research approaches. While some pathways, especially in study of well-established

pathosystems (e.g.  Arabidopsis thaliana with the bacterium Pseudomonas syringae,  the oomycete

Hyaloperonospora  arabidopsidis  or  the  fungus  Botrytis  cinerea),  are  well  understood,  the

differences in response to pathogens and beneficial microbes is less so, as well as the translation of

known pathways to crop plants with more complex genomes (Harris et al., 2020). The advent of fast

and high-throughput sequencing approaches and accompanying bioinformatics tools developed to

predict and analyze these discrepancies are powerful allies in furthering knowledge about plant-

microbe interactions.

Lastly, stable and long-term exposure to specific microbes often results in macroscopic changes in

plant phenotypes, often in agronomically relevant traits such are yield and resistance to stresses.

Predicting this final, quantifiable outcome of the interaction is not an easy matter though, since

many factors, including microbial community composition, plant life stage, previous exposure to

biotic stresses and environmental conditions result in a multitude of variables to consider (Cheng et

al., 2019). Thus, elucidation of the intricacies in the interactions between plants and microbes is a

pillar of both basic and applied research in plant biology. 

8



Plant – mutualist interactions 

Plant-microbe  interactions  exist  on  an  interaction  continuum  ranging  from  antagonism  to

mutualism, held in balance by the microbial load, perceived environmental signals and  nutritional

requirements. Antagonistic interactions pit the host and the microbe against each other in an arms

race  for  survival,  and  result  either  in  severe  disease  development  and/or  death  of  the  host,  or

successful mounting of defense responses towards exclusion of the microbe. In turn, direct  and

complex interactions  of  hosts  with  microbes  that  are  beneficial  for  both  participants  are  called

mutualistic  symbioses.  In plants,  these relationships  are  established with bacterial  and/or  fungal

microbial partners, which form specialized organelles to optimize nutrient exchange. For example,

intracellular structures similar to those of mycorrhizal fungi (MF) were found associated with the

earliest land plants ca. 400 million years ago (Martin et al., 2017), indicating symbioses and their

advantageous assimilation of scarce nutrients to be an important factor in terrestrial plant evolution.

Interestingly, a common symbiotic pathway shared between the two major but evolutionarily distant

types of plant-microbe symbioses, the MF and nitrogen-fixing bacteria has been indicated (Oldroyd,

2013), with clear similarities in the triggered signaling cascades, evasion of plant immune responses

and the localization in root tissues. Interactions start with signal exchange that allows the specific

recognition of the microbe and progress to formation of nutrient exchange interfaces (e.g. arbuscules

and nodules) within a delicate temporal and spatial balance. Finally, a complex network of microbial

and plant cells interacting throughout all life stages is maintained. 

Mycorrhizal fungi associate with roots of over 90% of land plants and are generally classified into

ectomycorrhiza, colonizing the root intercellularly, and endomycorrhiza, colonizing the inside of the

root cells (Bonfante and Genre, 2010). The fungi provide minerals such are phosphorus and nitrogen

to the plants, in exchange for photosynthetic carbon fixed by plants, a nutrient-rich food source for

the fungus (Genre et al., 2020).  

The character of a plant-mutualist interaction is strongly influenced by chemical signals exchanged

at its beginning, aiming to attract the beneficial microbe to the plant and exclude the pathogens,

followed by activation of microbe-recognition receptors and subsequently of signaling cascades in

the plant cells. The result of this activation depends on multiple receptors that are simultaneously

activated, identifying the type and life style of the microbe (Thoms et al., 2021). For example, chitin

or flagellin will indicate to the plant that the microbe is a fungus or a bacterium, respectively, while

the presence of a lipochitooligosaccharide (LCO) will indicate that the fungus with which the plant

comes in contact with is  not a pathogen, but a mutualist.  Lastly,  the balance of the established

interactions is further influenced by additional biotic and abiotic factors, such are other microbes in

the community, plant age, microbial load, environmental conditions, nutrient abundance and others. 
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Basic outline of plant immunity

As sessile organisms rich in sugars and other nutrients, plants are highly exposed to microbe and

pathogen pressure during all life stages. Plant-generated response to this microbial exposure has

famously been described as a “two-branched innate immune system” (Jones and Dangl, 2006), in

which one branch recognizes general microbial molecular patterns and the second one responds to

pathogenic virulence factors. While the mammalian immune responses depend on mobile defensive

cells and adaptive immunity, plants respond to microbial challenge with local innate response of

each cell and systemic signals dispersing through the plant tissues afterwards.  At its foundation,

plant immunity is based on a wide range of recognition strategies, both of universal, conserved

microbial molecular traits, and variable molecules specific to a microbe species or strain (Dodds and

Rathjen, 2010). 

Microbe-associated  molecular  patterns  (MAMPs;  otherwise  known  as  pathogen-associated

molecular patterns - PAMPs), are highly conserved molecules shared within the classes of microbes,

which act as elicitors of plant responses in the initial stages of microbial recognition (Dodds and

Rathjen, 2010). For example, flg22, a 22 amino acid long part of the bacterial protein flagellin is a

component of the bacterial motility apparatus – the flagellum, and is sufficient to trigger an immune

response and subsequent gene expression reprogramming (Jones and Dangl, 2006). Another well-

known MAMP is chitin,  the major  component  of the fungal cell  wall.  Additionally,  plants also

generate a response to molecules of endogenous origin that have been released due to microbial-

induced damage, called danger-associated molecular patterns (DAMPs; Dodds and Rathjen, 2010). 

Recognized by plant transmembrane pattern recognition receptors (PRRs), MAMP/PAMP presence

on the outside of the plant cell triggers the first branch of the plant immune response – pattern or

PAMP-triggered  immunity  –  PTI.  Within  the  scope  of  this  work,  the  term  “pattern-triggered

immunity” is preferred, because it includes non-pathogenic microbes (i.e. plant mutualists), which

are also known to trigger plant immune responses. 

Virulence factors typical for the second branch of plant immune response are called effectors. The

corresponding competitive edge that their secretion provides for the pathogen over plant-generated

PTI responses is the effector-triggered susceptibility (ETS). Typically, effectors are small hormone-

like or proteinaceous molecules secreted into the plant cell with the aid of a specialized apparatus

such as the T3 secretion system of bacteria. Eukaryotic organisms like fungi and oomycetes also

deliver effectors into plant cells, probably across invaginated structures such as fungal haustoria, but

the exact pathways have yet to be elucidated (Dodds and Rathjen, 2010). Effectors commonly have

enzymatic activity on a host target in order to block PTI-initiated signaling cascades. Plant response

is facilitated by disease R(resistance)-genes, which encode NB (nucleotide-binding)-LRR (leucine-

rich-repeat) proteins.  In case of biotrophic and hemi-biotrophic plant-microbe interactions, these
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proteins recognize the microbial effectors directly, or the effect on their cellular targets indirectly

(Jones and Dangl, 2006), thus deploying effector-triggered immunity - ETI. 

Pathways activated in  plant  cells  after  direct  exposure to  a  pathogen converge on early or late

response  gene  expression,  production  of  reactive  oxygen species,  increase  in  cytosolic  calcium

concentration  and  others,  facilitated  by  kinase  cascades  from the  the  initial  point  of  microbial

recognition.  They  result  in  many  downstream  effects,  including  secretion  of  defense  proteins,

structural changes in plant cells, hormonal regulation and others. For example, pathogenesis related

(PR) genes are a typical part of the plant response to microbial presence. Cell wall appositions at the

site of pathogen attack are an example of a physical barrier and a structural change in plant cells as a

defense mechanism. Hypersensitive response (HR), the cell death occurring in compromised plant

cells is the typical result of a successfully generated ETI response of the plant. Regulation of plant

hormonal networks is also in an interplay with immune responses, with salicylic acid (SA) as a

known regulator  of  defense  against  biotrophic  pathogens  and jasmonic  acid  (JA)  and ethylene,

regulating defense against necrotrophic pathogens (Jones and Dangl, 2006). 

Beyond the local PTI/ETI interplay of plant immune responses, commonly represented as a “zig-zag

model“ of plant immunity (Jones and Dangl, 2006), systemic signals with mobile molecules that

trigger responses in tissues far away from the initial  site of microbial recognition are crucial  to

expand and utilize the full strength of immune responses. Systemic acquired resistance (SAR) is an

SA-dependent long distance signaling pathway, induced by exposure to a pathogen, and resulting in

resistance to future infections throughout the entire plant (Ryals et  al.,  1996). Induced systemic

resistance (ISR) is a similar systemic transduction pathway, but JA and ethylene dependent, and

known to be caused by exposure of plant roots to beneficial soil microbes (Pieterse et al., 2014).

Taking all  the  pathways intersecting  during  plant-microbe interactions  into  account,  it  becomes

obvious  that  they  occur  in  a  delicate  balance  between  molecular  recognition,  attack,  evasion

mechanisms, and corresponding genes evolving at a fast rate in order to provide advantage to the

plant  or  the  pathogen  through  natural  selection  (Jones  and  Dangl,  2006).  This  arms-race  of

modifications in effectors and corresponding plant genes is an ever-evolving war of signals and

pathway deployment, including many cellular factors and extensive transcriptional reprogramming,

all for the purpose of successful evasion of plant defenses on the the microbe side, and exclusion of

harmful pathogens on the host side. Additionally, even though many specifics of plant-pathogen co-

evolution have been elucidated in model pathosystems, their scope, diversity and exact mechanistic

outline remain unexplored in many non-model plant organisms, including major crop species. These

gaps in knowledge extend further into the microbial world of non-pathogenic organisms, whose

interactions  with  plants  have  to  be  elucidated  without  the  aid  of  clear  disease  markers  and

symptomatic phenotypes in functional genomics and molecular studies. 
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Plant response to mutualistic microbes

The  main  principle  behind  any  plant-beneficial  organism  interaction  is  permitted  growth  of  a

mutualistic microbe in symbiosis with the plant, while recognition, general and specific defenses

against pathogenic microbes can still occur. Generally, establishment of a plant-mutualist interaction

occurs  through  evasion  of  recognition  as  a  harmful  microbe  and  suppression  of  induced  plant

defense response (Soto et al., 2009). Regarding signal variability, exclusion of pathogenic microbes

operates on universal plant recognition and response cascades, while establishment of a mutualistic

interaction requires more specific and targeted signaling. For example, molecular patterns of AMF ,

called  lipochitooligosaccharides (LCOs), resemble chitin as a general fungal MAMP in molecular

structure, but have the crucial distinction of present and specific lipid modifications (Zipfel and

Oldroyd,  2017).  Recognition  of  LCOs,  alongside  several  over  types  of  oligosaccharides,  is

facilitated by a plant gene family of LysM-receptor kinases (Buendia et al., 2018). 

Recognition of mutualist-typical LCOs on the plant  cell  membrane triggers a signaling cascade

within the cells, in part similar to a MAMP-triggered response, especially in generation of reactive

oxygen species and calcium signaling (Zipfel and Oldroyd, 2017). However, many of the proteins

responsible  for  signaling  in  symbiosis  have  not  yet  been identified.  Downstream of  this  initial

recognition, cytosolic and nuclear receptors, as well as transcriptional factors involved in symbiosis

signaling  differ  from pathogen-induced  signaling  cascades,  resulting  in  crucial  gene  expression

distinctions. 

A hallmark of mutualistic interactions with plants is the modulation and suppression of immune

responses by the microbe, which is still recognized as an intruder organism. However, symbiotic

organisms also secrete corresponding effectors in order to regulate immunity and signaling of the

plant during the interaction (Deakin and Broughton, 2009; Zipfel and Oldroyd, 2017). Interestingly,

in  the  case  of  the  AMF  Glomus  intraradices,  the  secreted  effector  SP7  interacts  with  the

pathogenesis-related  transcription  factor  ERF19,  resulting  in  suppression  of  the  plant  immune

system and drawing another link between pathogenic and mutualistic effectors in their ability to

promote biotrophic growth (Kloppholz et al., 2011). 

After exposure to a beneficial microbe and establishment of a successful colonization, plants benefit

in more than acquisition of necessary nutrients. One of the benefits is broad resistance to future

pathogen  exposure  through  activation  of  systemic  signaling  pathways  in  the  plant.  This

physiological state is called “priming” by beneficial microbes and results in the plant being in a

“primed” state,  with quicker  and/or  stronger  activation of  defense  responses  towards  pathogens

(Conrath et al., 2006). Changes within the scope of the primed plant state can be of physiological

and/or transcriptional nature, but also epigenetic ones, which implies transmission of the state to

progeny and a type of “immunological memory” (Mauch-Mani et al., 2017). 
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Plant-microbe symbioses in agriculture

The  most  important  outcome  of  stable  plant-mutualist  interactions  for  agriculture  is  the

sequestration of valuable nutrients in food and feed crop yields. Biological fixation of nitrogen by

the nitrogenase enzymes in soil bacteria and in symbiosis with legume plants is a main source of

naturally fixed nitrogen. However, cereals such are wheat, rice and maize, grown as food staples

worldwide, are non-legume plants, and do not form symbioses with rhizobial bacteria. In order to

fertilize the soil in which those cereals are grown, crop rotation systems commonly include legume

cultivation, and efforts towards introducing root nodulation symbioses in non-legume crops are a

major focus of plant genetic engineering (Pankievicz et al., 2019). Mycorrhizal fungi also associate

with major crop and food staple plants and increase plant biomass, yield and nutrient acquisition,

through augmentation of uptake surfaces for water and phosphorus, regulation of plant hormones,

protection against stresses and improvement of soil composition (Benami et al., 2020). Additionally,

most  of  terrestrial  carbon  stocks  and  crucial  biomass  relevant  for  all  ecosystems are  stored  in

mycorrhizal plant symbioses (Soudzilovskaia et al., 2019).

Especially  in  the  case  of  emerging  plant  diseases  for  which  there  is  no  established  chemical

treatment,  genetic  transformation of the host  plant  is  not  accepted or  realistic  and the breeding

processes  for  resistances  are  too  time-consuming,  wealth  of  management  strategies  commonly

branches out to beneficial microbes as control. Currently, most prevalent examples of beneficial

organisms used as microbial biological control agents (MBCA) are the bacterial mutualists Bacillus

subtilis and Pseudomonas fluorescens, as well as the fungus Trichoderma harzianum (Singh et al.,

2021). Utilized for their antagonistic influence against plant pathogens, MBCAs act by antibiosis,

hyperparasitism, plant priming and competition for nutrients in order to limit the proliferation of

plant pathogens (Köhl et al.,  2019). More and more, research efforts within phytopathology are

turning towards beneficial microbial species or communities for integration in pathogen and pest

management strategies. For example, a highly damaging bacterial pathogen  Xylella fastidiosa has

recently  been  detected  in  Southern  Europe  and  is  predicted  to  potentially  spread  over  vast

climatically suitable areas of the continent (Godefroid et al., 2019). X. fastidiosa subsp. pauca is the

causative  agent  of  Olive  Quick  Decline  Syndrome,  and  while  there  is  no  curative  treatment

established currently, research indicates biocontrol agents such as  Bacillus bacteria to be a viable

option (Zicca et al., 2020). 

Maintenance of a plant-microbe interaction is a balanced process, highly sensitive to environmental

and anthropogenic influences. Intensive agriculture practices, which include elevated agrochemical

use, fertilizer applications, mineral depletion and soil contamination have been shown to influence

the establishment and maintenance of plant soil symbioses (Soudzilovskaia et al., 2019; Genre et al.,

2020).  
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Serendipita indica (syn. Piriformospora indica) – a model root endophyte

Serendipita indica is a fungal root endophyte belonging to the order of Sebacinales and division

Basidiomycota, discovered in the Indian Thar desert in a serendipitous (hence the name)  fashion,

during a  scan for AM fungi (Verma et al.,  1998).  S. indica has an extremely broad host range,

forming symbioses  with  roots  of  an  “unlimited”  number  of  plant  species  (Qiang et  al.,  2012),

including the non-mycorrhizal model plant  Arabidopsis thaliana and many staple food and crop

species. Fungi from the order Sebacinales are generally considered to be ubiquitous in association

with  plant  species,  with  no  host  or  geographical  pattern  distinguishable  (Weiß  et  al.,  2011).

Considering the narrow host range and dependence on environmental conditions of mycorrhizal

fungi, S. indica presents as a highly interesting endophyte candidate for elucidation of colonization

and symbiosis pathways conserved or adapted to a spectrum of plant species. 

S. indica can be cultivated axenically, is genetically transformable (Zuccaro et al., 2009) and has a

sequenced  genome  of  approx.  25  Mb  (Zuccaro  et  al.,  2011;  Šečić  et  al.,  2021c),  making  it

genetically  accessible  for  functional  and  transcriptomic  studies.  Interestingly,  S.  indica is  itself

colonized  with  the  endofungal  bacterial  strain  Rhizobium  radiobacter F4  (syn.  Agrobacterium

tumefaciens F4), and while the fungus can’t be cured from the bacteria, its quantity increases during

plant colonization, relative to axenically cultivated S. indica (Guo et al., 2017). Within its genome,

S. indica shows traits of a biotrophic organism, with deficiencies in metabolic enzymes indicating

the inability to assimilate nutrients without a host, but also expansion of gene families of plant cell

wall  degradation  and  hydrolytic  enzymes,  indicating  saprophytic  traits  (Zuccaro  et  al.,  2011;

Lahrmann  et  al.,  2015).  As  in  any  other  plant-mutualist  interaction,  at  its  basis  is  a  mutually

beneficial nutrient exchange between the host and the microbe.  S. indica colonization changes the

expression of  A. thaliana invertase and sucrose synthase genes in order to adjust the plant sugar

production to endophyte needs (Opitz et al., 2021). 

After germination of S. indica chlamydospores, an extensive hyphal network grows on the surface

of  the  root  and  between  root  cells,  especially  in  the  rhizodermal  and  cortical  tissues  of  the

differentiation zone. At a later stage, extensive intracellular growth is detected, with hyphal tips

producing single S. indica spores, especially in dead root cells (Deshmukh et al., 2006). Thus, the

colonization  strategy  of  S.  indica has  a  biphasic  character,  with  an  early  biotrophic  stage  of

colonization and a cell-death associated, saprophytic one, in which dead rood cells contain a hyphal

network, but with no macroscopic negative symptoms visible on the colonized plants (Deshmukh et

al., 2006; Schäfer et al., 2009; Zuccaro et al., 2011). The shift between the two phases, as well as

gene  expression  during  their  course  is  tightly  controlled  by  the  fungus,  in  order  to  achieve

colonization, nutrient acquisition, and proliferation in a mixture of living and dead cells of root

tissue. 
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In order to navigate the colonization course without triggering the plant immune system (especially

considering the possibility of exclusion by any of the plant species from its broad host range),  S.

indica has to employ successful strategies for repression or bypassing of innate immune responses.

Endophyte-induced  regulation  of  hormone  synthesis  and  signaling,  as  well  as  modulation  of

immunity-related gene expression was detected during colonization of barley (Schäfer et al., 2009).

In the case of A. thaliana as the host, S. indica has also been shown to suppress, rather than bypass

immune responses (Jacobs et al., 2011), reinforcing on the hypothesis that the host immune response

is not absent but modulated by S. indica. A set of S. indica-specific DELD proteins, identified by the

seven amino acid motif (RSIDELD) within their sequence are predicted to be secreted effectors

during this mutualistic association (Zuccaro et al., 2011). S. indica effector PIIN_08944 was shown

to promote the symbiotic interaction by interfering with SA-mediated immune response of the plant

host (Akum et al., 2015). 

Besides the broad host range, elucidated colonization strategies and gene expression patterns, as

well as the sequenced genome,  S. indica also provides an array of beneficial advantages to plant

growth, yield development and resistance to stresses. Increase in grain yield of barley plants was

detected upon S. indica colonization, as well as the resistance to root rot caused by the necrotrophic

pathogen  Fusarium culmorum, powdery mildew caused by the biotrophic leaf pathogen  Blumeria

graminis and  tolerance  to  mild  salt  stress  (Waller  et  al.,  2005),  indicating  the  multi-beneficial

potential of this endophyte. Resistance of barley to root rot caused by Fusarium graminearum has

also  been  shown (Deshmukh  and  Kogel,  2007).  Tolerance  to  salt  stress  has  been  attributed  to

increases in ascorbic acid and antioxidant enzyme activity in barley roots (Baltruschat et al., 2008).

S. indica also confers resistance against Golovinomyces orontii, the powdery mildew of A. thaliana

(Stein  et  al.,  2008).  Induction  of  resistance  to  oomycete  pathogens  (Trzewik  et  al.,  2020)  and

influence on viral concentrations (Fakhro et al., 2010) in  S. indica colonized plants has also been

shown. 

Taking into account this unique combination of (a) a broad host range encompassing plant species

not colonized by other beneficial microbes, (b) genetic transformation possibilities, (c) availability

of -omics data sets, (d) ability to suppress plant immunity, (e) provide benefits for growth, yield and

(f) priming against stresses, it is obvious that S. indica establishes itself as a model root endophyte.

It is especially interesting to look into aspects of its interactions that would unlock conserved and

divergent  molecular  mechanisms  and  signaling  pathways  during  S.  indica colonization  of

phylogenetically distant plant species, as well as mechanisms that this endophyte uses to suppress

and/or bypass all of their immune responses. Additionally, basic research utilizing this fungus as a

model  is  at  an  excellent  position  to  be  translated  to  agronomically  relevant  crops  that  it  also

colonizes. 
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Magnaporthe oryzae and Fusarium graminearum – major cereal pathogens

Magnaporthe oryzae (Mo, syn. Magnaporthe grisea, anamorph: Pyricularia grisea) is a filamentous

fungal  hemibiotroph from the  division  Ascomycota,  causative agent  of  rice  blast,  a  devastating

disease that typically causes 10-30 % of grain loses in rice (Dean et al., 2012). The fungus belongs

to a  species  complex that  can  also  infect  wheat,  thus  jeopardizing two main  staple  food crops

(Urashima, 1993). The fungal conidia commonly attach to foliar tissues, germinate and utilize an

infection structure called a melanized appressorium to apply localized turgor pressure and penetrate

the plant cells (Dean et al., 2012). Typical blast lesions that indicate a switch from a biotrophic to a

necrotrophic stage of infection are visible after several days. While it visibly attacks all the aerial

parts of the plant, root infections have also been detected (Sesma and Osbourn, 2004). Management

strategies rely on application of fungicides, resistance cultivar breeding and farming management

practices like crop rotation (Asibi et al., 2019). 

Genome of the strain Mo 70-15 has been sequenced in 2005, resulting in total size (including the

assembled scaffolds and gaps) of approx. 40 Mb (Dean et al., 2005). A large protein secretome was

predicted  based  on  this  genome,  containing  plant  cell  degrading  enzymes  and  fungal  effector

families,  and  current  research  focuses  on  identification  of  effector  pools  available  in  different

isolates and pathotypes (Kim et al., 2019). Since M. oryzae is genetically transformable, functional

genomics and phenotyping studies on a large mutant library were preformed (Jeon et al., 2007),

resulting in identification of pathogenicity genes. Taking advantage of these resources, we studied

the interaction and transcriptomic landscape of  this  major  plant  pathogen with the model  grass

Brachypodium distachyon (Zanini et al., 2021).

Fusarium graminearum (teleomorph:  Gibberella zeae, Ascomycota) is another major fungal plant

pathogen (Dean et al., 2012), the causative agent of Fusarium head blight (FHB), affecting all major

cereal  species.  Fungal  ascospores  infect  through  natural  openings  and  soft  tissues,  and  grow

asymptomatically at first, with eventual intracellular invasion and secretion of mycotoxins such as

deoxynivalenol (DON), which aids with tissue necrosis (Trail, 2009). Infection at the head/florets of

the plant occurs early during the growing season, but the disease becomes apparent much later,

making  management  strategies  and  timing  of  fungicide  application  extremely  challenging.  The

fungus significantly reduces grain quality by mycotoxin production, making the yield unsafe for

human or live stock consumption (Dean et al., 2012). F. graminearum genome has been sequenced

(isolate PH1, 36.5 Mb; Cuomo et al., 2007) and later completed and annotated (King et al., 2015).

Integrated management strategies, which include growing of tolerant cultivars, well-timed fungicide

application, utilization of harvesting, storage and cultural practices adjusted to infection prevention

and mycotoxin detection are recommended (Wegulo et al., 2015). We investigated the involvement

of small RNA (sRNA) species in the virulence of F. graminearum (Werner et al., 2021). 
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Brachypodium distachyon – a model grass plant

Brachypodium distachyon (purple false brome) is a wild grass from the subfamily of Pooideae, with

a short life cycle, small size and simple growth requirements (Vogel and Hill, 2008). Because of

these traits, highly efficient transformation protocols (Vogel and Hill, 2008), mutant libraries (Hsia

et al., 2017) and germplasm collections (Filiz et al., 2009) have been established. With a sequenced

genome of approx. 272 Mb (diploid inbred line Bd21; The International Brachypodium Initiative,

Vogel et al., 2010),  B. distachyon is considered a good model grass species for cereals, temperate

grasses and biofuel crop grasses. Majority of gene families annotated in  B. distachyon are shared

among the major grass subfamilies and despite a significantly lower ploidy level and chromosome

number  relative  to  cereals  such  are  rice  and  wheat,  there  are  broad  synteny  links  between  B.

distachyon and these crops (Huo et al., 2009; Vogel et al., 2010). It is important to note that, while

B. distachyon can be used to study certain molecular mechanisms and gene groups (e.g. synthesis

and  degradation  of  cell  wall  polymers;  Douché  et  al.,  2013,  cell  wall  architecture  and  seed

development; Girin et al.,  2014), the evolutionary path of this wild grass does not overlap with

others in all cases (e.g. low temperature adaptations; Li et al., 2012), making its use as a model

organism limited to case-by-case examination. 

Since  B. distachyon is a self-fertile plant, majority of the germplasm collections consist of inbred

lines with sufficient genetic variability to be a valuable phenotyping resource (Tyler et al., 2014).

These differences are made visible in the  B. distachyon pangenome, composed of 54 sequenced

lines, in which genes not present in all the lines show variation in adaptation to selection pressure,

for example in defense responses (Gordon et al., 2017). These traits of the B. distachyon germplasm

make it an attractive host target for study of plant-microbe interactions.

B. distachyon interacts and shows broad susceptibility to plant cereal pathogens, including viruses,

bacteria, fungi and oomycetes, and is colonized by some mycorrhizal fungi, making it an excellent

model for grass responses to microbial presence (Scholthof et al., 2018). Importantly, not only is

susceptibility  to  Magnaporthe  grisea (Routledge  et  al.,  2004),  Fusarium  graminearum and  F.

culmorum reported (Peraldi et al., 2011), but the course of infection and symptoms observed on B.

distachyon tissues closely resemble those of rice and wheat, respectively, indicating the importance

of  B. distachyon as  a model for highly relevant  crop pathosystems. Thus,  while the two cereal

pathogens  investigated  within  the  scope  of  this  thesis,  M. oryzae (Zanini  et  al.,  2021)  and  F.

graminearum (Werner et al., 2021) have been shown to infect B. distachyon, an interaction with S.

indica has not been shown until Šečić et al., 2021c. Because of the combined advantageous traits of

S. indica as a model for fungal endophytes with a broad host range, and B. distachyon as a model

grass with translational possibilities to agriculturally more relevant crops, an in-depth look into the

intricacies of the interaction between these two organisms was of high importance. 

17



RNA Interference and associated proteins in plants and fungi

RNA interference (RNAi) is an eukaryotic gene silencing mechanism at the transcriptional and post-

transcriptional level, ensuring fast and efficient inhibition of protein synthesis guided by small RNA

(sRNA) molecules complementary to the target mRNA transcript (Wilson and Doudna, 2013). It can

occur  in  response  to  environmental  stimuli  or  developmental  cues,  with  endogenous  sRNA

sequences,  but  also  as  a  protective  tool  against  viruses  and  transposable  elements.  Post-

transcriptional  gene  silencing  (PTGS)  via  RNAi  occurs  in  the  cytoplasm,  resulting  in  mRNA

degradation  or translation  inhibition  by  preventing  binding  of  translational  machinery  to  the

transcript. On the other hand, transcriptional gene silencing (TGS) is localized to the nucleus of the

cell, resulting in epigenetic changes introduced by sRNA-guided recognition. Since sRNA-guided

processes discussed further occur within the framework of PTGS, the sequence and functions of

RNAi processes involved in this type of RNAi will be explained in more detail. 

The trigger of the PTGS pathway is  recognition of a  double-stranded RNA (dsRNA) fragment,

either exogenous or endogenous, by an enzyme called Dicer (Dicer-like – DCL in plants), an RNAse

III endonuclease that processes the longer dsRNA into smaller fragments. These smaller fragments

are loaded onto Argonaute (AGO) proteins within the RNA-induced silencing complex (RISC),

where they are processed into single-stranded (ss) sRNAs and guided to target silencing (Fang and

Qi, 2016). In some cases, RNA-dependent RNA polymerases (RdRPs) generate dsRNAs from ss

RNAs,  thus  amplifying  the  primary  silencing.  Functional  domains  of  these  proteins  are  highly

conserved among eukaryotes, providing means for their novel prediction and detection in new and

non-model organisms. 

Due to gene duplication and high ploidy levels in many species, plant genomes usually contain

expanded gene families of DCLs and AGOs, with specific and at least partly redundant expression

patterns and functions. For example,  A. thaliana has 10 AGOs and 4 DCLs, which are known to

have variable roles in gene silencing (Fang and Qi, 2016). In order to estimate the RNAi machinery

of B. distachyon, we searched its genome (Šečić et al., 2019) and our prediction concludes presence

of  6  DCL  and  16  AGO-like  genes,  phylogenetically  classified  by  their  similarity  to  better

characterized  A.  thaliana RNAi  proteins.  For  the  AGO  family,  corresponding  predicted  3D

structures and organ/tissue-specific expression imply functional specialization and thus indicate that

determination of exact proteins involved in a specific RNAi-mediated process has to premeditate

any deeper functional or molecular studies.

In fungi, RNAi-based processes (initially called “quelling”) also utilize DCL and AGO proteins and

are involved in maintenance of genome integrity and response to stimuli (Dang et al., 2011). Based

on similarity with the better known RNAi components of the model fungus Neurospora crassa, we

predicted a set of RNAi-associated proteins in the genome of S. indica (Šečić et al., 2021c).
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Small RNAs in plant-microbe interactions

Any RNA that is not translated into a protein is defined as a “non-coding” RNA (ncRNA), and the

subtypes are identified based on abundant RNA pools with the same function and usually similar

length measured in  nucleotides (nt).  Major  components  of the ncRNA pool  are  transfer  RNAs

(tRNAs), ribosomal RNAs (rRNAs) and various types of sRNAs, including microRNAs (miRNAs),

with  endogenous  targets  within  the  organism of  biogenesis  and  exRNAs (extracellular  RNAs),

presumed to be exchanged between cells while packed in extracellular vesicles (EVs). While they

are all processed from stem-loop structures or longer dsRNA fragments, sRNAs in plants differ in

biogenesis  pathways  and  functions.  For  example,  different  DCL  proteins  process  the  sRNA

precursors  in  A.  thaliana  to  form  resulting  pools  of  miRNAs  (DCL1)  and  trans-acting  small

interfering RNAs (ta-siRNAs, DCL4, Singh et al., 2018), both of which target silencing of mRNAs

different than the regions they are derived from. Regardless of their type, if the sRNAs are assumed

to: i) be induced in an interaction between a plant and a microbe, ii) can be detected by sequencing

approaches and iii) can be certainly classified as originating from one of the interacting organisms,

they are studied as “interaction-responsive” sRNAs within the scope of this thesis. 

During plant-microbe interactions, speed and efficiency of expression modification are crucial, and

sRNAs have been shown to be highly involved, both as endogenous and exogenous responses (Song

et al., 2021). The advent of sRNA sequencing projects focused on plant microbes included major

pathogens like Magnaporthe oryzae, where sRNA sequencing of mycelium and appressoria revealed

a differential accumulation of sRNAs in the infection-specialized tissue of appressoria, namely the

28-35  nt  sRNAs  classified  as  tRNA-derived  RNA  fragments  (tRFs;  Nunes  et  al.,  2011).

Interestingly, sRNA studies on fungal mutants compromised in sRNA biogenesis imply the role of

these non-coding RNAs in fungal growth and virulence (Raman et al.,  2017).  In the case of  F.

graminearum, sRNA production and expression has been shown in response to mycoviruses (Wang

S et al., 2016) and functional genomics studies on the RNAi machinery proteins regulate processes

relevant for ascospore formation, virulence and mycotoxin production (Son et al., 2017; Gaffar et

al., 2019). Additionally, we have shown the requirement for silencing of barley and B. distachyon

genes by F. graminearum sRNAs for full fungal virulence (Werner et al., 2021). 

In order to study the sRNA involvement in fungal virulence and plant colonization, we applied a

simultaneous sRNA and mRNA sequencing approach to three pathosystems of M. oryzae infecting

B.  distachyon:  leaf  infection  at  the  biotrophic  stage  of  2  days  post  infection  (DPI)  and  the

necrotrophic one at 4 DPI, as well as root infection at 4 DPI (Zanini et al., 2021). In order to study

the involvement  of  sRNA silencing regulation in  the same plant,  but  in  response to  the model

endophyte S. indica, we utilized the same combined sRNA and mRNA sequencing at 4 days post S.

indica inoculation of B. distachyon roots (Šečić et al., 2021c). 
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Cross-kingdom communication between plants and microbes

Small  RNAs are known to be involved in  plant  defense against  viruses,  but  their  role  in  plant

interaction with other microbes has not been elucidated until the groundbreaking discovery of cross-

kingdom exchange between plants and fungi (Weiberg et al., 2013). This landmark study showed

that  Botrytis cinerea (causative agent of gray mold disease) expresses sRNAs that are transported

“cross-kingdom” into the plant host and then loaded into the plant AGO to silence immunity-related

genes in A. thaliana and tomato. Another landmark study in 2016 revealed that this process occurs

in the other direction too, with cotton plants utilizing their miRNAs to silence virulence genes in the

vascular wilt pathogen Verticillium dahliae (Zhang et al., 2016). Thus, the process of bidirectional

cross-kingdom (ck) communication via RNAi was unveiled, in which microbial sRNAs act as RNA

effector molecules delivered into the plant to silence specific genes, and plants in turn utilize their

sRNAs for silencing of virulence or essential genes of microbes. Interaction-responsive sRNAs that

originate from the plant or the microbe (“organism of origin”) are presumably cut by the “origin”

DCL, but load into the “target organism” AGO after transport. The exact mechanistic background of

this  process has not  been elucidated yet,  but transport  probably  (at  least  partly) occurs through

secretion and uptake of extracellular vesicles (Cai et al., 2020). 

Since these initial studies, ck communication has been predicted or uncovered in other pathosystems

too,  including  Puccinia  striiformis and  wheat  (Wang  et  al.,  2017)  and  the  oomycete

Hyaloperonospora arabidopsidis and A. thaliana (Dunker et al., 2020). There have also been first

indications  that  this  communication  is  not  limited  to  plant-pathogen  interactions,  focused  on

identifying the putative plant targets of AM fungus sRNAs (Silvestri et al., 2019) and even showing

that rhizobial bacteria utilize tRFs to silence plant host genes in order to control the nodulation

process (Ren et  al.,  2019).  However,  the role  of sRNAs in  S. indica  colonization has not been

studied until we analyzed the sequenced sRNA and mRNA pools from B. distachyon roots colonized

with the model endophyte and the corresponding control samples (Šečić et al., 2021c). Similarly,

even though the importance of sRNAs and RNAi machinery in  M. oryzae virulence was already

indicated (Raman et al., 2017), we took advantage of the sRNA and mRNA sequencing datasets in

three pathosystems with  B. distachyon and predicted the ck targets in both interacting organisms

(Zanini et al., 2021). In both of the datasets, we utilized a previously established bioinformatics

analysis pipeline (Zanini et al., 2018), in order to combine the data about sRNA expression with

predicted  mRNA target  downregulation,  since  we  sequenced  both  types  of  RNA from  shared

biological samples.

While it was previously shown that a  F. graminearum sRNA silences a wheat resistance-related

gene in order to aid the infection process (Jian and Liang, 2019), we found strong hints that  F.

graminearum sRNAs also target host genes in barley and B. distachyon (Werner et al., 2021).
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miRNAs in plant-microbe interactions 

Regulation  of  endogenous  gene  expression  in  response  to  environmental  and/or  developmental

stimuli is under control of eukaryotic small RNAs with a distinct biogenesis pathway, commonly

called  miRNAs.  Among  many  other  ncRNA types,  miRNAs are  identified  as  originating  from

hairpin structures formed by folded repeats, but are still cut by DCLs and loaded into AGO proteins

as mature miRNAs (Wang et al., 2019). miRNA families, groups of miRNAs with shared ancestry

and similar functions, are partly highly conserved across a multitude of plant species, while others

are specific for a single or a few species (Fahlgren et al., 2010). miRNA regulation often converges

on the same major pathways of transcriptional and hormonal regulation that are triggered within

basic  immune  responses,  adding  another  layer  to  the  fast  and  mobile  signaling  cascades.  We

comprehensively  reviewed  well-known  and  conserved  plant  miRNA families  in  terms  of  their

function and typical expression pattern in response to pathogenic and beneficial bacteria, fungi and

oomycetes  (Šečić  et  al.,  2021b).  For  example,  miR393,  miR160,  miR164  and  miR167  are

differently responsive to pathogenic bacteria relative to fungi, but there is also a clear difference in

responses to pathogens and mutualists in these families (Table 1 and Figure 2, Šečić et al., 2021b).

Since these miRNA families regulate plant immune and hormonal networks, this outcome implies

that differentiation signals and pathways that plants employ to elucidate the character of the microbe

in an interaction incorporate endogenous RNAi-based regulation. 

In our model species, B. distachyon miRNAs differentially expressed under various types of stress

exposure originate both from conserved miRNA families and specific ones (Jeong et al.,  2013).

Induction and differential regulation of miRNAs associated with growth promotion in the Oncidium

hybrid  orchid  was  detected  upon colonization  with  S.  indica,  signifying  that  the  signaling  and

downstream gene expression, as well as the phenotype observed after exposure to this endophyte

include  miRNA regulation  (Ye  et  al.,  2014).  In  the  sRNAs  generated  from  our  sequencing

approaches with  S. indica and  M. oryzae, we predicted miRNA-generating loci in  B. distachyon

colonized by these two fungi (Šečić et al., 2021c; Zanini et al., 2021). After colonization by both

fungi, known miRNAs associated with growth and developmental regulation were present, some

during both interactions and some exclusive to the pathogen or the mutualist. For example, members

of the miRNA family miR159 were found in  B. distachyon colonized with  S. indica, and also in

leaves infected with M. oryzae. This miRNA family regulates MYB transcription factor expression,

but was also found to be one of the cotton miRNAs transported to V. dahliae for ck-based silencing

of the pathogen virulence genes (Zhang et al,, 2016). 

In fungi, miRNA-like RNAs (milRNAs) are produced by several biogenesis pathways, somewhat

different than in plants, and their prediction and identification from sRNA data and animal/plant

miRNA prediction criteria remains challenging (Chen et al., 2014).  
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Bioinformatics approaches to analysis of plant-microbe sequencing datasets

With sequencing technology becoming widely accessible and applicable in recent years, so is the

number of available RNA and sRNA datasets  from many eukaryotic organisms. Study of plant-

microbe interactions requires a dual-sequencing approach though, in which both the expression and

sequence data can be untangled and attributed to one of the interacting organisms correctly. While

there are plenty of advanced analysis pipelines focused on exactly this goal on the mRNA level,

sRNAs are more complicated to analyze. Well-known tools for plant ncRNA analysis are focused on

sequences  with  presumed  endogenous  function,  such  are  miRNAs  and  long  non-coding  RNAs

(lncRNAs;  Liao  et  al.,  2018).  However,  in  the  case  of  exchange-based ck  communication,  the

elucidation of exogenous roles is essential. Additionally, sRNAs have to be clearly assigned to one

of the two interacting organisms. With that in mind, we reviewed and recommended an analysis

pipeline for selection and target prediction of sRNA “effectors” in bidirectional ck communication

(Zanini et al., 2018). This is the exact analysis pipeline applied to selection of optimal, most likely

effective sRNA datasets in B. distachyon with S. indica (Šečić et al., 2021c) and M. oryzae (Zanini

et al., 2021). One of the main advantages of an integrated mRNA and sRNA sequencing approach is

the  immediate  accessibility  of  predicted  target  downregulation  data  for  initial  validation.

Additionally, both of these analyses benefit from sequenced controls (including the axenic fungal

cultures), which greatly decrease the “noise” of sequenced sRNA sequences and allow focus on

“induced” subsets,  which are present exclusively or in a greater quantity in the colonized plant

tissue. For two studies that are based on the same model plant, application of a common analysis

pipeline is crucial for later comparative analyses. In the case of  F. graminearum (Werner et al.,

2021), the sRNAs with which the initial target prediction was done was derived from axenic fungal

culture, and confirmation of target downregulation and degradation was thus done at a later stage,

and at a significantly smaller number of targets than in the case of mRNA sequencing. However, to

truly  benefit  from  an  optimal  sequencing  strategy  for  sRNA-based  silencing  prediction,  the

biological sample would have to provide an additional sample to sRNA and mRNA – namely the

degradome  dataset,  which  would  allow  for  automatic  confirmation  of  AGO-guided  target

degradation on a large, bidirectional scale,

Genome sequencing of previously neglected plant hosts and their interacting microbes is crucial for

effector discovery, target prediction and validation,  as well as elucidation of expression patterns

present  and  fluctuating  during  the  establishment  and  maintenance  of  colonization.  While  B.

distachyon, M. oryzae and F. graminearum had assembled genomes available, that was not the case

with  S. indica.  Because of this  fact,  we also resequenced the genome of  S. indica with Oxford

Nanopore sequencing, managing to reduce the contig number from 2,359 to 57 (Zuccaro et  al.,

2011; Šečić et al., 2021c). 
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Applications of RNAi-based plant protection

Due  to  the  lack  of  effective  and  sustainable  protection  strategies  against  novel  pathogens,

development  of  pathogen resistance  to  established agrochemicals,  as  well  as  missing resistance

genes  for  plant  breeding strategies,  plant  protection efforts  are  always on the  lookout  for  new,

effective solutions. Silencing of target genes via the RNAi machinery can be deployed as a plant

protection strategy, utilizing dsRNAs complementary to virulence or other essential genes of a pest

or a pathogen. Based on the origin of the dsRNA, these strategies are either Host-Induced Gene

Silencing (HIGS; Nowara et al., 2010), or Spray-Induced Gene Silencing (SIGS; Koch et al., 2016;

Wang M et al., 2016). In HIGS strategies, dsRNA is produced within the plant host, which has been

genetically modified to include the sequence of the pest/pathogen target. On on the other hand, in

SIGS, dsRNA is applied by means of spray or similar exogenous mechanisms onto the plant surface.

Up to date,  these strategies have been successfully applied against obligate biotrophic fungi (B.

graminis; Nowara et al., 2010), as well as necrotrophs (Koch et al., 2013; Koch et al., 2016; Wang

M et al., 2016), making them a viable alternative to chemical fungicide use. The first, and currently

only,  commercial  product utilizing  an  RNAi-protection  strategy  is  targeted  against  the  corn

rootworm in transgenic maize plants (Head et al., 2017), in an integrated pest management approach

alongside insecticidal proteins. Thus, RNAi-based protection is another tool to be used against pests

and pathogens. However, the HIGS-based genetic transformation approach in use of the RNAi is, as

is the case with all other genetically modified (GM) approaches, impeded by lack of transformation

technology for all economically relevant plant species and consumer resistance to GM foods and

products. In that regard, SIGS as a GMO-free approach would be a clearly better choice, but there

are obstacles of efficiency and stability of the applied dsRNA to consider, as well as the safety and

application formulation issue. Ideally, an efficient SIGS strategy would have to contain dsRNA that

targets  a  gene  highly  specific  for  the  organism that  is the  causative  agent  of  the  disease,  and

effective  targets  in  any  other  organism that  can  come  in  contact  with  the  dsRNA have  to  be

excluded. Additionally, the dsRNA applied would have to remain stable long enough for uptake into

the target  organism to occur.  Lastly,  it  is  yet  unknown what  is  the  risk of  pathogen resistance

development against RNAi-based plant protection strategies.  

Revising  the  basic  requirements  for  establishment  and  development  of  an  RNAi-based  gene

protection strategy against fungal pathogens we summarized that i) the dsRNA has to remain stable

until either direct environmental or indirect (from the plant host) uptake occurs, and ii) an expressed

and efficient RNAi machinery in the fungal cells has to exist, in order for recognition of the target to

occur  (Šečić  et  al.,  2021a).  Additionally,  iii)  exact  knowledge of optimal  dsRNA  design,  target

selection,  dsRNA structure  and  length  is  highly  desirable,  alongside possible  applications  with

stabilizing formulations. 
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General discussion and conclusions 

Working  at  the  intersection  of  RNAi-based  communication  and  plant-microbe  interactions,  we

conducted  research  on  the  model  grass  Brachypodium  distachyon and  associated  microbes,

including a novel interaction with the endophyte Serendipita indica (Šečić et al., 2021c), and major

cereal pathogens Magnaporthe oryzae (Zanini et al., 2021) and Fusarium graminearum (Werner et

al., 2021). Besides establishment and characterization of the interaction at the phenotypic level, we

investigated the transcriptomic and sRNA expression landscapes in the plant and microbe(s), with a

specific  focus  on  prediction  of  interaction-induced  sRNAs  with  gene  silencing  function.  As

preparatory work for these analyses, we established an analysis pipeline for putative sRNA effectors

exchanged between plants and microbes (Zanini et al., 2018) and analyzed the Argonaute and Dicer-

like  gene families in  B. distachyon (Šečić et al.,  2019). During these research projects, we took

advantage of the accumulated literature and expert insight to review the response of endogenous

gene silencing via  conserved miRNA families induced upon exposure to  various biotic  stresses

(Šečić et al., 2021b). Additionally, we clarified upon the requirements necessary for dsRNA uptake

into fungal calls (Šečić et al.,  2021a), thus touching upon the application aspect of RNAi-based

communication. Figure 1 summarizes the connections among these publications. 

Figure 1: RNAi and sRNAs in plant-microbe interactions: basic and applied research aspects  (own

work) 

Main conclusions and discussion points resulting from this work will be considered in the following

paragraphs. 
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Ck RNAi in plant-microbe interactions – how to see the full picture?

Considering all the plant-microbe interaction systems in which ck communication has been shown

or hinted at by prediction analyses, it seems that there is no restriction of a microbe type or lifestyle

that limits the presence of putative sRNA effectors. Indeed, it has been identified as a mechanism by

which  microbes with both biotrophic and necrotrophic lifestyles silence defense-related genes in

plant hosts, and our research supports the indication that beneficial microbes also utilize sRNAs to

control the course of mutualist colonization. Because of this, a reproducible sequencing analysis

pipeline,  adjustable  to  specific  plant-microbe  system  requirements  and  availability  of  samples,

which  can  facilitate  easier  validation  of  ck-based  gene  silencing  remains  a  crucial  first

accomplishment of our work (Zanini et al., 2018). 

The RNAi protein landscape of a monocot model organism – which gene family members are

involved? 

While our analysis of  AGO and  DCL gene families in  B. distachyon yielded a finite gene copy

number per family (Šečić et al., 2019), the question of true expression and function in various plant

tissues remains. For example, a specific study of the  AGO gene family in  B. distachyon that is

focused on root microbial interactions would need to identify: i) which AGO protein has the highest

expression in the root, ii) are there redundant functions in the absence of it that are taken over by

other family members, iii) is the sRNA loading into that AGO sequence or length preferential and

iv) does the protein level change upon exposure to the microbe in the interaction. Additional to time-

point,  life-stage  and tissue-specific  expression  patterns,  major  interaction  partners  of  the  RNAi

proteins would have to be clarified, for example the connection between sRNA transport pathways

and the  RNAi machinery.  For  these  questions,  experimental  analyses  such are  AGO pull-down

sRNA sequencing and plant knock-out mutant analysis should prove useful.

Interaction analyses of a plant-endophyte model system – what have we learned? 

We established a novel plant-endophyte interaction between two broadly applicable model species:

B. distachyon and  S. indica  (Šečić et al., 2021c). After confirming the beneficial character of this

interaction  for  plant  growth  and  yield  promotion,  we  detected  extensive  transcriptional

reprogramming in both interacting organisms, following the known pattern of  S. indica switching

between biotrophic and saprophytic traits during plant colonization. According to our analysis of

induced sRNA pools in both organisms, S. indica putative sRNA effectors have predicted targets in

circadian clock, flowering regulation and immunity of the plant, while B. distachyon sRNAs have

predicted targets in fungal genes controlling nutrient acquisition and development. Even though the

degradation of the target transcripts and sRNA transport still have to be confirmed experimentally,
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this work provides initial hints of a communication mechanism between a grass and an endophyte

that can eventually be translated to other, more agronomically relevant plant species that S. indica

also interacts with. 

A peek into plant-pathogen interactions with different microbe lifestyles 

We studied the transcriptional and sRNA landscape of both plant and microbe during three different

pathosystems/lifestyles  of  M.  oryzae on  B.  distachyon (Zanini  et  al.,  2021).  While  molecular

reprogramming on both sides of the interaction was extensive, and in character of a biotrophic or

necrotrophic interaction, the putative sRNA pools induced in these pathosystems were only partly

overlapping. This might be an indication that sRNA-based silencing follows infection-dependent

cues to accompany its course, and further implies a variable and modifiable role for putative sRNA

effectors within the interaction. In the case of F. graminearum, targets in defense genes of both B.

distachyon and barley were found (Werner et  al.,  2021),  indicating that fungi evolved ck-RNAi

infection strategies towards multiple hosts and the research is thus translatable from model to crop

species. Within further research, a question of whether the cellular targets of protein and sRNA

effectors are conserved or not, arises. 

Further steps in the analysis of the role of sRNAs in plant-microbe interactions

Crucial further questions to answer in study of the role of sRNAs in plant-microbe interactions are:

i)  how conserved are the putative sRNA effectors and their  target  hubs across  phylogenetically

related and distant species, ii) how conserved are plant responses to microbial presence, iii) how

does the transport of sRNAs occur mechanistically and iv) is this communication present in species

that have lost the RNAi machinery (e.g. the fungus Ustilago maydis). 

There  are  many  sub-types  of  sRNA sequences  detectable  by  various  sequencing  approaches,

depending on length, structure or trait selection during library preparation. However, in a general

case of  size  selection from a  plant-microbe interaction  sample,  classification  of  the subtype  by

bioinformatic  analyses  is  necessary.  For  example,  to  analyses  of  sRNAs  with  presumed  ck  or

endogenous function during B. distachyon – S. indica interaction we applied two different filtering-

dependent  analysis  pipelines  (Šečić  et  al.,  2021c).  Lastly,  knowledge  of  sequence  similarity  to

conserved miRNA families responsive to biotic stress (Šečić et al., 2021b) was crucial in identifying

sRNA-generating loci in  B. distachyon. Assignment of sRNA origin for other sRNA sub-species,

especially in the fungus  S. indica  was not as successful, indicating that optimization of existing

approaches  for  sRNA  origin  determination  is  necessary.  Ideally,  combined  analyses  from

unanswered questions about sRNA origin, classification and target prediction would all contribute to

a fuller, more exact picture of sRNA-based gene regulation during plant-microbe interactions. 
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Further  on,  tissue  and  even  single-cell  resolution  of  sRNA activity  and  expression  would  be

desirable, in order to resolve signals for cell and tissue types that are affected locally and distantly

by microbial presence. In our sequencing approaches, sRNA concentration from the cells where

uptake  initially  occurs  is necessarily  diluted  by  sampling  of  the  entire  root  and/or  leaf  tissue.

Additionally,  while  addition  of  degradome  sequencing  to  the  used  set-up  would  contribute

information about mRNAs that are silenced by transcript degradation, that still does not account for

the portion of silencing that occurs via translation inhibition. 

Application of RNAi in plant protection

Detected as a naturally-present communication mechanism between plants and microbes, cross-

kingdom sRNA exchange affirms that the use of RNAi-based plant protection has a foreseeable 

application in many plant pathosystems. The model organisms we selected for analysis in our 

research certainly accumulated knowledge necessary for many translation approaches to crop 

species. For this to occur however, further studies are necessary, both on the plant and the microbe 

side. For example, obstacles of dsRNA design optimization, stability and fungal uptake all have to 

be conquered before a HIGS or SIGS-based strategy is applied against a fungal pathogen (Šečić et 

al., 2021a). Additionally, targets of fungal sRNA silencing in plants offer an attractive pool of 

candidates for plant immunity and growth regulation research, especially in response to beneficial 

endophyte colonization. 
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Small RNA (sRNA) molecules are key factors in the communication between hosts and
their interacting pathogens, where they function as effectors that can modulate both
host defense and microbial virulence/pathogenicity through a mechanism termed cross-
kingdom RNA interference (ck-RNAi). Consistent with this recent knowledge, sRNAs
and their double-stranded RNA precursor have been adopted to control diseases in crop
plants, demonstrating a straight forward application of the new findings to approach
agricultural problems. Despite the great interest in natural ck-RNAi, it is astonishing to
find just a few additional examples in the literature since the first report was published in
2013. One reason might be that the identification of sRNA effectors is hampered both
by technical challenges and lack of routine bioinformatics application strategies. Here,
we suggest a practical procedure to find, characterize, and validate sRNA effectors
in plant–microbe interaction. The aim of this review is not to present and discuss all
possible tools, but to give guidelines toward the best established software available for
the analysis.

Keywords: small RNA, cross-kingdom RNAi, bidirectional communication, RNA targets, plant disease, virulence

INTRODUCTION

Natural cross-kingdom RNA interference (ck-RNAi) is an emerging field of research in plant–
microbe interactions and plant pathology (Cai et al., 2018). The phenomenon includes small
RNA (sRNA) (Borges and Martienssen, 2015) that are mutually transferred between interacting
hosts and pathogens to eventually target and thus modulate respective host defense and pathogen
virulence functions by RNAi (Weiberg et al., 2013; Zhang et al., 2016). RNAi is the process by which
21–24 nucleotide (nt) sRNAs are used by ARGONAUTE (AGO) proteins to guide an RNA-Induced
Silencing Complex (RISC) toward a complementary messenger RNA (mRNA), resulting either in
mRNA cleavage and degradation, or impairment of its transcription by acting as a physical block
(Fire et al., 1998; Hamilton and Baulcombe, 1999).

Recent studies have shown that fungal pathogens can produce and deliver sRNAs to host plants
in order to suppress their immunity and thus aid colonization (Weiberg et al., 2013; Wang B. et al.,
2017). During infection, Botrytis cinerea transfers sRNAs to Arabidopsis and tomato cells, targeting
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host genes known to be involved in plant defense responses,
including transcription factors and receptor-like kinases
(Wang M. et al., 2017). This silencing is possible due to the
fungus hijacking the RNAi machinery of the host, in particular
AtAGO1. Consequently, the fertile hypomorphic ago1-27
Arabidopsis mutant shows increased resistance to Botrytis
infection. Interestingly, the ago1-27 mutant is similarly less
infected compared to wild type (wt) plants when infected with
Verticillium dahliae (Vd), suggesting a role for RNAi also in this
interaction.

Furthermore, the causal agent of stripe rust in wheat, Puccinia
striiformis (Ps), delivers fungal microRNA (miRNA)-like RNAs
into host cells to suppress the defense response by targeting and
downregulating wheat Pathogenesis-related 2 (PR-2) expression.
Silencing of the sRNA precursor showed enhanced resistance
to the virulent Ps isolate in wheat adult plants (Wang B. et al.,
2017).

Preliminary results indicate the bidirectionality of this process
in the interaction between Vd and cotton plants. In Vd
samples recovered from infected cotton plants, 28 different
sRNAs were predicted to originate not from Vd, but from
the cotton plant, implying that host-derived sRNAs had been
transferred into the pathogen during infection (Zhang et al.,
2016). Despite the great interest in natural ck-RNAi and its
agronomic application (Koch et al., 2013, 2016; Koch and Kogel,
2014; Wang et al., 2016; Niehl et al., 2018), it is astonishing to
find just a few examples in the literature since the first report
was published by Weiberg and colleagues in 2013 (Weiberg
et al., 2013). One reason might be that the identification of
sRNA effectors is hampered both by technical challenges and
lack of routine bioinformatics application strategies. Here we
suggest a practical procedure to find, characterize, and validate
sRNA effectors in plant–microbe interactions. The aim of this
review is not to present and discuss all possible tools, but to give
guidelines toward the establishment of a suitable pipeline for the
analysis.

STRATEGIES TO FIND, CHARACTERIZE,
AND VALIDATE sRNA EFFECTORS IN
PLANT–MICROBE INTERACTIONS

Sample Preparation and sRNA
Sequencing
In all cases, identification and confirmation of cross-kingdom
sRNAs (ck-sRNAs) starts with the preparation of suitable
biological samples. When planning which and how many samples
to sequence, control samples of uninfected plants and, when
possible, axenic cultures of the microbe should be included in
order to verify the infection-related upregulation/induction of
the candidate ck-sRNAs in bidirectional fashion. The preparation
also requires to fix the number of replicates and of reads per
sample (typically three biological replicates with 5–10 million
reads each, Conesa et al., 2016).

While sequencing can be carried out using a variety of
machines, the focus of this review is on sequencing with Illumina

technology. With TruSeq Small RNA Library Preparation by
Illumina it is possible to create indexed libraries of sRNAs both
from total RNA and from pre-size-selected fractions, depending
on the need to preserve mRNA for further sequencing or
not. Libraries can then be pooled and sequenced on various
Illumina systems, including MiSeq and NextSeq, depending on
the output range and total reads per run required. Subsequent
analysis of this data is the critical point toward discovery
of candidate ck-sRNAs. There are numerous detailed papers
comparing the performances of the programs mentioned in this
review, which are recommended for reading once a preliminary
pipeline is chosen, as the fine tuning of the software settings
is specific for each project/organism analyzed (Dai et al.,
2011a; Srivastava et al., 2014; Li et al., 2015; Conesa et al.,
2016).

Although known ck-sRNAs are between 21 and 24 nt long
(Weiberg et al., 2013; Wang M. et al., 2017; Wang B. et al.,
2017), the range for the size selection can be increased to
18–35 nt for detection of all other known regulatory sRNAs.
Sequencing depth, number of replicates, and type of libraries
are all experiment-specific and highly variable depending on the
aim of the study and the resources available. For example, for
adequate statistical power in the data analysis, a minimum of
three biological replicates is required (Love et al., 2014) and,
while for mRNA it is usually recommended to explore the option
of longer read length or paired-end (PE) sequencing, single-end
(SE) short reads are perfectly suitable for sRNAseq. Regardless of
the specific datasets, some measures have to be taken to ensure
the removal of unwanted fragments that would overweigh the
sequences of interest. In particular, size selection prior to sRNA
sequencing is required to avoid sequencing longer fragments that
would not be the focus of the study.

Determination of Candidate ck-sRNA
Acquisition of the raw reads is the first step of the bioinformatics
analysis and is immediately followed by quality check. FastQC
(Andrews, 2010) is the most frequently used program for this
task, as it is recommended by Illumina for the analysis of
Illumina NGS data and it is compatible also with PacBio and
454 datasets. Alternatively, programs such as NGS-QC can
also be used for the analysis of data obtained from several
sequencing platforms (Dai et al., 2010). With these the overall
quality of the sequencing can be assessed, in particular the
sequence quality, GC content, N content, and overrepresented
sequences. While there are no universal cutoffs for some of
these tests, as the values vary based on the organisms and the
sequencing setups, similar results should be obtained throughout
the same kind of datasets both for “failed” k-mer and duplication
tests.

When analyzing sRNA datasets, a test that will most likely fail
is the adapter content test: given that the fragments sequenced
(usually 18–35 nt) are often shorter than the read length (36 bp),
the machine is bound to read into the adapter. There are number
of software programs designed to do the necessary trimming,
such as Cutadapt or FASTX-Toolkit (Martin, 2011). At this point
of the analysis, low quality reads/bases should be removed, as
well as adapters and PCR artifacts. The workflow proposed,
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FIGURE 1 | Bioinformatics pipeline for the detection and validation of cross-kingdom (ck)-RNA effectors in interactions of plant hosts with microbial pathogens.

summarized in Figure 1, can be used to identify the sRNAs
originating from either the host or the microbe by assigning the
“sRNA source” organism and the “sRNA target” organism at the
beginning of the analysis. Afterward, the same pipeline can be
applied with the roles inverted to obtain information about both
sides of the bidirectional cross-kingdom communication.

Trimmed reads can now be mapped with short read un-
gapped mappers such as Bowtie (Langmead, 2010) and SOAP
(Li et al., 2008) to reference genomes and transcriptomes; by
this way one gains information on the origin of the potential
ck-sRNA and its localization in the respective genome. Given
that it is crucial to find the sRNAs from the source organism
that target the interacting organism, this alignment step includes
the removal of reads that align to both organisms. In particular,
sRNAs are kept only if (i) they align 100% of the full read length
to the source organism’s genome (bowtie settings: -v0 –al), and
(ii) have at least two mismatches to the target organism’s genome
or transcriptome (bowtie settings: -v1 –un). As an additional step,

the removal of sequences aligning 100% to the source organism’s
transcriptome can be done in order to select exclusively sRNAs
originating from non-coding regions (bowtie settings: -v0 –un),
removing short sequences derived from mRNA degradation.
After the alignments, sRNAs can be additionally filtered based
on their presence in the sample of the pure source organism
as they are expected to be either upregulated in the sample
from the interacting organisms compared to the control (pure
organism), or present exclusively in that sample (Weiberg et al.,
2013).

ck-sRNA Target Detection and
Evaluation
The remaining sequences can be further analyzed for target
prediction. There are various software platforms available
for small interfering RNA (siRNA) and microRNA (miRNA)
detection, originally tailored for mammal sRNAs. While these
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can be customized for plant and microbe studies, two well
established tools are designed specifically for plants: psRNATarget
and TAPIR (Bonnet et al., 2010; Dai and Zhao, 2011b). Both
are comparable regarding sRNA identification rates at their
default settings and are widely used in plant miRNA analysis
and discovery research, making them the best options for this
analysis. While TAPIR offers a standalone and an online version,
psRNATarget is only available online, making it less convenient
for automatized workflows. On the other hand, psRNATarget
provides more options for customizing settings and parameters of
the prediction, making it more adaptable to different organisms
and systems. Both programs work by aligning sRNA sequences to
the target transcriptome and assigning penalties for mismatches,
gaps, and G:U pairs, in particular in the seed region (between
positions 2 and 12 of the sRNA for TAPIR and 2–13 for
psRNATarget), which is critical for target recognition. The
resulting score is between 0 and 5, and can be decreased from
the default value to further reduce the risk of false positives.
Additionally, TAPIR separately scores the free energy ratio,
represented by the free energy of the predicted sRNA:target
duplex divided by the free energy of the corresponding duplex
having a perfect complementarity (Bonnet et al., 2010). In this
case, the minimal value cutoff suggested is 0.7 (range between 0
and 1). The default output of both programs is a table containing
all scores of the sRNA:mRNA duplexes, the alignment itself and,
if available, a description of the target mRNA.

Analysis of Target Transcript Expression
The first validation step of candidate ck-sRNAs is the
confirmation of target gene downregulation in the colonized
tissue as a result of the cleavage of the corresponding mRNA
by the RISC enzymatic complex. Plant and microbial mRNA
levels can be checked by mRNA sequencing analysis from the
same biological samples the sRNA was obtained from. Since
the library preparation for sRNA libraries is based on size
separation and excision of a specific nt length interval, the longer
RNA fraction from the same samples can be used to prepare
mRNA libraries. Read length and sequencing depth selected
can vary depending on the experimental design and resources
available, but the mRNA sequences are primarily obtained
from the large RNA fraction after polyA affinity selection,
as more than 90% of total RNA is comprised of ribosomal
RNA (rRNA) (Conesa et al., 2016). In bacterial samples or in
samples with low RNA integrity number (RIN) values, where
polyA selection would not be effective, rRNA depletion can
be done instead. The bioinformatic pipeline described in the
following paragraph will serve as a primary in silico validation
step toward confirmation of candidate ck-sRNA activity in the
target organism.

Since there is a multitude of RNAseq tools available, the
experimental design and the availability of published sequence
data are the main factors in deciding on a pipeline (Conesa
et al., 2016). Quality check and trimming of sequencing artifacts
are necessary steps at the beginning of the analysis, following
the similar principle as in sRNA analysis, namely the use
of FastQC (Andrews, 2010) and cutadapt (Martin, 2011). If
reference sequences for the organisms involved are available, the

mapping of RNAseq reads can be done as a straight forward
strategy (see below). Depending on available -omics data for the
organisms in question, mapping of reads can be done to the
reference genome or transcriptome. Without available reference
sequences, de novo assembly (reference-free) of the transcriptome
can be computed from all RNAseq datasets, usually with a
De Bruijn graph-based assembler like Trinity (Grabherr et al.,
2011), SOAPdenovo-Trans (Xie et al., 2014), Oases (Schulz
et al., 2012), or Trans-AbySS (Robertson et al., 2010). Functional
annotation and ortholog search can then be performed with
common platforms such as BLAST (Altschul et al., 1990) and
ENSEMBL (Zerbino et al., 2018) or, specifically developed
but harder to install, transcriptome annotation tools like
Trinotate (github1) and FunctionAnnotator (Chen et al., 2017).
Transcriptome completeness can be checked with Busco (Simão
et al., 2015). These tools can also be used in case of unsatisfactory
annotation of available reference genome or transcriptome.

Spliced alignment to the reference genome is done by
mappers that take into account the introns in the genome.
TopHat/TopHat2 (Trapnell et al., 2009; Kim et al., 2013) are
gapped mappers developed to detect novel splice-sites. They were
superseded by a new mapper called HISAT2 (Kim et al., 2015)
that is more accurate and much more efficient. Another option is
Spliced Transcripts Alignment to a Reference (STAR), which also
allows for fast and precise mapping with known and novel splice-
sites (Dobin et al., 2013). Correction for exon sizes specific to the
respective plant and microbe organism in question are needed,
since typically the programs use default settings for the human
genome. Un-gapped mappers, such as Bowtie (Langmead, 2010),
can be used to map against a reference transcriptome if no novel
transcript discovery is needed. However, since the goal of the
analysis is to discover a high number of transcripts, including
those with a low level of expression, and since organisms in
question often are not sufficiently annotated, the gapped mapping
on a genome followed by quality control is the recommended
strategy. The quality of the mapping can be checked by programs
such as Picard (Picard tools2, github), RseQC (Wang et al.,
2012), and Qualimap (García-Alcalde et al., 2012). Percentage
of mapped reads, multi-mapping reads (mapping to the several
identical regions), and the uniformity of read coverage are
relevant parameters to assess sequencing quality at this point
(Conesa et al., 2016).

The first step for differential gene expression (DGE) is
determining transcript abundances using program packages like
Cufflinks (Trapnell et al., 2010) or htseq-count (Anders et al.,
2015). DGE analysis can be done by a variety of programs,
including DeSeq (Anders and Huber, 2010), Deseq2 (Love et al.,
2014), edgeR (Robinson et al., 2010), and voom (Law et al., 2014).
Low replicate numbers of transcripts and outliers among the
replicates can complicate the DGE analysis. Thus, a powerful
analytical method proves crucial to determine when the fold
change in transcripts between the control and treated sample is
different. The programs differ in statistical distributions they use
for analysis of data and how they treat the variability among the

1http://trinotate.github.io/
2http://broadinstitute.github.io/picard
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replications, but a comparison study claims DeSeq2 and edgeR
have an advantage when it comes to smaller number of replicates
(below 12) (Schurch et al., 2016).

The results of this target prediction and analysis pipeline can
be visualized at several levels and by a variety of programs,
some of which focus on sRNA-mRNA duplex conformation
structure and others on a broader representation of cross-
kingdom effects between genomes. ReadXplorer (Hilker et al.,
2014) and Integrative Genomics Viewer (IGV) (Thorvaldsdóttir
et al., 2013) are used for different types of presentation of
sequencing data, and in this case specifically for visualization
of mapped reads on the reference genome. miRPlant (An
et al., 2014), a tool for prediction of miRNAs from NGS data,
provides the visual presentation of the predicted miRNA in the
precursor hairpin structure and with the indication of where
the mature fragment is. CummerBund (Goff et al., 2013) is
commonly used after the Cufflinks package for visualization of
differentially expressed genes in different types of plots. The
software package Circos (Krzywinski et al., 2009) is a good choice
for circular visualization of entire genomes, transcriptomes,
sRNA candidates, and the range of silencing downregulation
effects.

Further Validation of ck-RNAs
Having obtained information on differentially expressed
genes in the treated sample, the ones which are significantly
downregulated and predicted as targets of candidate ck-
sRNAs are investigated further. Alternative to mRNA
sequencing, validation of ck-sRNA candidates requires
confirmation of downregulation of their putative target by
qRT-PCR.

Additional in vivo validation of the interaction of ck-sRNA
candidates with their targets can be based on genetic analysis, e.g.,
mutational knockdown (KO) strategies of target genes and/or
precursor loci of candidate ck-sRNAs. Finally, we suggest that
the following additional analyzes are required to unequivocally
claim a ck-RNA-mediated target interaction in ck-RNAi:
(i) verification of sRNA-target interaction in transient expression
systems such as leaves of Nicotiana benthamiana; (ii) testing
respective AGO and DCL mutants for a loss of ck-RNA function
in RNAi-mediated target downregulation; and (iii) detection
of direct association of ck-RNAs or their target mRNA with

the respective microbial or plant AGO1 protein by immuno-
purification techniques (Jain et al., 2011; Riley et al., 2012;
Carbonell, 2017).

CONCLUSION

RNAi-based bidirectional communication between interacting
organisms, also called ck-RNAi, has been detected in a few natural
plant – microbe systems, but the implications of a novel effector
class of sRNA are significant. So far, there is no evidence that
the activity of such RNA effectors would be restricted to certain
microbial life styles as they were identified in plants interacting
with both biotrophic and necrotrophic microbes. The recent
finding that mammals also generate RNA effectors to combat
parasites suggests that the phenomenon is widespread and
prevalent in different types of host–parasite interaction. Besides
the exciting discovering of a novel chemical communication
strategy, the knowledge on ck-RNAs opens new avenues in
sustainable and environmentally safe plant protection as sRNAs
and their cellular precursors dsRNAs are natural molecules with
an anti-microbial activity. However, the detection and validation
of RNA-based communication and ck-RNAi still relies on the
available data about model species and a narrow range of
investigated systems. The present review tries to give a practical
outline of a pipeline for ck-RNA detection focused on plant –
microbe systems. A bioinformatics pipeline used to strengthen
and accelerate the experimental approaches is of paramount
importance for confirmation of sRNA communication between
plants and microbes in a multitude of relevant systems.
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RNA interference (RNAi) is a biological process in which small RNAs regulate gene 
silencing at the transcriptional or posttranscriptional level. The trigger for gene silencing is 
double-stranded RNA generated from an endogenous genomic locus or a foreign source, 
such as a transgene or virus. In addition to regulating endogenous gene expression, 
RNAi provides the mechanistic basis for small RNA-mediated communication between 
plant hosts and interacting pathogenic microbes, known as cross-kingdom RNAi. Two 
core protein components, Argonaute (AGO) and Dicer (DCL), are central to the RNAi 
machinery of eukaryotes. Plants encode for several copies of AGO and DCL genes; in 
Arabidopsis thaliana, the AGO protein family contains 10 members, and the DCL family 
contains four. Little is known about the conservation and specific roles of these proteins 
in monocotyledonous plants, which account for the most important food staples. Here, 
we utilized in silico tools to investigate the structure and related functions of AGO and 
DCL proteins from the model grass Brachypodium distachyon. Based on the presence 
of characteristic domains, 16 BdAGO- and 6 BdDCL-predicted proteins were identified. 
Phylogenetic analysis showed that both protein families were expanded in Brachypodium 
as compared with Arabidopsis. For BdDCL proteins, both plant species contain a single 
copy of DCL1 and DCL4; however, Brachypodium contains two copies each of DCL2 
and DCL3. Members of the BdAGO family were placed in all three functional clades of 
AGO proteins previously described in Arabidopsis. The greatest expansion occurred in 
the AtAGO1/5/10 clade, which contains nine BdAGOs (BdAGO5/6/7/9/10/11/12/15/16). 
The catalytic tetrad of the AGO P-element-induced wimpy testis domain (PIWI), which 
is required for endonuclease activity, is conserved in most BdAGOs, with the exception 
of BdAGO1, which lacks the last D/H residue. Three-dimensional modeling of BdAGO 
proteins using tertiary structure prediction software supported the phylogenetic 
classification. We also predicted a provisional interactome network for BdAGOs, their 
localization within the cell, and organ/tissue-specific expression. Exploring the specifics of 
RNAi machinery proteins in a model grass species can serve as a proxy for agronomically 
important cereals such as barley and wheat, where the development of RNAi-based plant 
protection strategies is of great interest.
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INTRODUCTION

RNA interference (RNAi) is a regulatory mechanism utilized by 
most eukaryotes for endogenous gene silencing and protection 
against mobile repetitive sequences, transposons, and viruses 
(Fire et al., 1998; Wilson and Doudna, 2013). In contrast to 
transcriptional gene silencing (TGS), which results in the 
methylation of DNA and/or histones, posttranscriptional gene 
silencing (PTGS) operates by transcript degradation or translation 
inhibition. Selection of the target for silencing is governed by 
sequence complementarity between a single-stranded small 
RNA (sRNA) and the target RNA. Beyond its native role, the 
RNAi machinery has been exploited for developing novel 
plant protection strategies based on double-stranded (ds)RNA 
applications. Delivery of artificial dsRNA through transgene 
expression [host-induced gene silencing (HIGS)] or exogenous 
application [spray-induced gene silencing (SIGS)] was proven 
effective against fungal pathogens (Nowara et al., 2010; Koch 
et al., 2013; Koch et al., 2016; Wang et al., 2016), nematodes 
(Dutta et al., 2015), insects (Coleman et al., 2014; Abdellatef 
et al., 2015; Head et al., 2017), and parasitic plants (Tomilov 
et al., 2008; for review, see Andrade and Hunter, 2016; Cai et al., 
2018). A recent discovery revealed that RNAi also is involved in 
natural cross-kingdom RNA communication (ckRNAi), where 
sRNA molecules function as mediators that are exchanged 
bidirectionally between a host plant and a microbial pathogen 
to silence their target transcripts and impact the outcome of the 
plant–pathogen interaction (Weiberg et al., 2013; Zhang et al., 
2016; Wang et al., 2017a; Wang et al., 2017b).

Regardless of which RNAi-based process or application 
is involved, evolutionarily conserved protein components, 
including Dicer [termed Dicer-like (DCL) in plants] and 
Argonaute (AGO), play key roles in dsRNA processing. Dicers 
and DCLs are RNase III endonucleases that process exogenously 
supplied or endogenously generated ds- or hairpin (hp)-
containing RNA precursors into various species of dsRNAs, 
commonly 21–24 nucleotides (nt) in length. These sRNAs are 
then loaded onto specific AGO proteins, which are components 
of the RNA-induced silencing complex (RISC). The loaded sRNA 
is processed into a single-stranded sRNA molecule, which then 
guides the RISC to complementary targets in the cytoplasm or 
nucleus. Depending on the biological context, target recognition 
leads to PTGS via RNA degradation, which may be mediated by 
the AGO protein’s slicer activity, or inhibition of translation, or to 
TGS via genomic DNA and/or histone methylation (Carthew and 
Sontheimer, 2009; Poulsen et al., 2013; Borges and Martienssen, 
2015; Fang and Qi, 2016).

Phylogenetic analysis of genes belonging to the Dicer family 
suggests that they arose early in the evolution of eukaryotes and 
that their duplication and diversification correlated with the 
development of multicellularity and the need for complex gene 
regulation (Mukherjee et al., 2013). In plants, the structure and 
function of DCL proteins have been investigated most intensively 
in Arabidopsis, which expresses four DCLs (Schauer et al., 2002). 
The domain architecture of these proteins, like that of other 
eukaryotic Dicers, generally consists of an amino-terminal 
DEXDc and helicase-C (HELICc) domain, which are thought 

to mediate processive movement along a dsRNA, a dicer-dimer 
(heterodimerization) domain that facilitates binding with protein 
partners (Qin et al., 2010), a P-element-induced wimpy testis 
(PIWI)–Argonaute–Zwille (PAZ) domain, which binds the 3’ 
end of the dsRNA, two RIBOc (ribonuclease III family) domains 
and at least one dsRNA-binding motif (DSRM) domain at the C 
terminus (Schauer et al., 2002; Mukherjee et al., 2013; Bologna 
and Voinnet, 2014; Song and Rossi, 2017).

Analyses of Arabidopsis mutants revealed that the four DCLs 
generate different types of sRNAs, although some functional 
redundancy was observed (Gasciolli et al., 2005; Bologna and 
Voinnet, 2014; Borges and Martienssen, 2015). AtDCL1 produces 
microRNAs (miRNAs), a class of sRNAs that regulates endogenous 
gene expression via PTGS (Bartel, 2004). The remaining AtDCLs 
generate various subclasses of small interfering RNAs (siRNAs), 
including i) natural-antisense-transcript (nat)-siRNAs generated 
by AtDCL2 (Borsani et al., 2005), ii) trans-activating (ta)-siRNAs 
produced by AtDCL4 (Dunoyer et al., 2005), and iii) TGS-related 
24-nt siRNAs generated by AtDCL3, which are responsible for 
silencing transposons and other repeated DNA sequences (Xie 
et al., 2004).

Despite the diversity of sRNAs, their association with AGO 
proteins and the RISC complex is a common feature. AGO 
proteins were named after the tube-shaped leaves of Arabidopsis 
ago1 mutants, which resemble the tentacles of the pelagic 
octopus, Argonauta argo (Bohmert et al., 1998). AGO proteins 
are highly conserved in nature, although the size of this family 
varies substantially between species (Höck and Meister, 2008; 
Zhang et al., 2015; Fang and Qi, 2016; You et al., 2017).

AGOs have a high level of structure and domain conservation 
between the prokaryotic and eukaryotic variants, even when 
the biological function clearly differs (Willkomm et al., 2015). 
Several prokaryotic (Wang et al., 2009; Liu et al., 2018) and 
eukaryotic (Lingel et al., 2003; Lingel et al., 2004; Boland et al., 
2011) complete AGO structures or individual domains have 
been crystallographically resolved. Several human AGO proteins 
have been crystallized, namely, AGO2 in complex with a miRNA 
(Elkayam et al., 2012), AGO1 (Faehnle et al., 2013), and AGO3 
(Park et al., 2017), showing that the AGO activity is dependent 
on conservation of active site residues and their interaction with 
other protein regions. The structures of AtAGO proteins have 
been partly resolved, especially the middle (MID) domain of 
AtAGO1, AtAGO2, and AtAGO5 (Frank et al., 2012; Zha et al., 
2012). Functional domains characteristic of all AGO proteins, 
including the Arabidopsis AGOs, are the PAZ, MID, and PIWI 
domains governing the binding of sRNA ends and the slicer 
activity (Höck and Meister, 2008; Frank et al., 2012).

In Arabidopsis, 10 different AGOs have been identified. 
Phylogenetic analyses have divided them into three clades, 
comprising AGO1/5/10, AGO2/3/7, and AGO4/6/8/9 (Vaucheret, 
2008). The different clades contain AGOs that mediate PTGS or 
TGS after they load specific types of sRNAs, which are selected 
based on length and identity of the 5’ nt (Bologna and Voinnet, 
2014; Zhang et al., 2015; Fang and Qi, 2016). For example, 
AtAGO1 is involved in endogenous developmental regulation 
by miRNAs (Vaucheret et al., 2004), antiviral defense (alongside 
AtAGO2, Harvey et al., 2011), as well as bidirectional ckRNAi 
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(Weiberg et al., 2013). AtAGO4 and AtAGO6 are involved in 
DNA and histone methylation (Zilberman et al., 2003; Zheng 
et al., 2007). AtAGO9 is known to be involved in female 
gametogenesis (Olmedo-Monfil et al., 2010), while AtAGO10 
competes with AtAGO1 for sRNA loading in regulation of shoot 
apical meristem development (Zhu et al., 2011). AtAGO7 plays a 
role in defense against viruses (Qu et al., 2008).

In comparison to Arabidopsis, little is known about the 
RNAi machinery components in monocots. The number of 
AGO proteins is expanded in cereals, as there are 17 AGOs in 
maize (Zea mays) and 19 in rice (Oryza sativa; Fang and Qi, 
2016; Mirzaei et al., 2014; Patel et al., 2018). The copy number 
of DCL2 and/or DCL3 genes also differs between monocot 
species and Arabidopsis. Six predicted DCLs were identified 
in rice, while five were identified in maize, wheat, and barley 
(Margis et al., 2006). Furthermore, the DCL3b gene has diverged 
significantly from its DCL3a paralog (Margis et al., 2006) and, 
thus, is considered a distinct, monocot-specific class of Dicer, 
termed DCL5 (Fukudome and Fukuhara, 2017; Borges and 
Martienssen, 2015).

Cereals are major staple crops worldwide; however, a plethora 
of pathogens and pests threaten their production (Savary et al., 
2012). Recent efforts to develop environmentally friendly 
plant protection strategies have demonstrated that HIGS and 
SIGS can be used in major cereal crops, such as barley and 
wheat, to control necrotrophic fungi (Koch et al., 2013; Koch 
et al., 2016; Koch et al., 2018) and aphid pests (Abdellatef et al., 
2015). Developing a better understanding of the cereal AGO 
and DCL protein family members and their specific functions 
is a prerequisite for clarifying the mechanisms undergirding 
RNAi-mediated plant protection. Here, we use the model 
species for temperate grass plants, Brachypodium distachyon 
(Brachypodium), to investigate cereal AGO and DCL proteins. 
Brachypodium is self-fertile, has a small genome (~272 Mb), a 
short life cycle, and established transformation protocols (Vogel 
et al., 2006). The commonly used diploid inbred line Bd21 is 
fully sequenced (The International Brachypodium Initiative, 
2010). In addition, literature data reveal strong responsiveness 
of Brachypodium sRNA pools to abiotic stress, suggesting that 
the RNAi machinery is sensitive to environmental changes 
(Wang et al., 2015).

Based on genomic database searches and in silico analysis, we 
identified six BdDCL proteins, as well as 16 previously reported 
AGO protein sequences in Brachypodium (Mirzaei et al., 2014). 
Since the structure of proteins closely relates to function and thus 
can serve as an indication of interaction patterns and redundancy 
in large protein families, we especially looked into domain 
structure conservation in Brachypodium relative to Arabidopsis. 
Similar to the protein structure and interactome analysis applied 
in Secic et al. (2015), we subjected Bd AGO and DCL proteins 
to a series of in silico analysis steps. The focus of this study is 
the structures and related functions of the AGO-like and DCL 
proteins of B. distachyon, with special regard to analysis of the 
phylogeny and three-dimensional (3D) structure modeling of 
the AGO family, as compared with the more familiar Arabidopsis 
thaliana AGO protein family. Given that the At AGO1/5/10 

clade contains proteins involved in ckRNAi, we were especially 
interested to define the BdAGO proteins that are structurally 
most related to this clade and thus potentially have a key function 
in plant immunity and RNAi-based plant protection.

MATERIALS AND METHODS

Acquisition of Sequences and Database 
Search
AGO and DCL protein sequences corresponding to the primary 
transcripts of specific genes were acquired by searching the 
Plant Comparative Genomics portal Phytozome 12 (Goodstein 
et al., 2012) B. distachyon v3.1 database (The International 
Brachypodium Initiative, 2010). Proteins whose domain 
architecture resembled those of Arabidopsis AGO and DCL 
proteins were considered. The Arabidopsis AGO and DCL protein 
sequences were taken from The Arabidopsis Information Resource 
database (Rhee et al., 2003; Berardini et al., 2015). Information 
on resolved protein structures was acquired from the Research 
Collaboratory for Structural Bioinformatics Protein Data Bank 
(Berman et al., 2000; Burley et al., 2018). The Brachypodium 
eFP Browser (Sibout et al., 2017; Winter et al., 2007) was used 
to assess the expression of transcripts corresponding to proteins 
involved in this study, based on the expression atlas detailing 
different organs and developmental stages.

Phylogenetic Analysis, Interactome 
Analysis, and Localization
The phylogenetic analysis and tree rendering were done by the 
Phylogeny.fr web server (Dereeper et al., 2008; Dereeper et al., 
2010). The operational sequence is composed of MUSCLE 
3.8.31 (Edgar, 2004) for alignment with default settings, Gblocks 
0.91b for removal of ambiguous regions (Castresana, 2000), 
PhyML 3.1/3.0 aLRT for phylogeny (Guindon and Gascuel, 
2003; Anisimova and Gascuel, 2006), based on maximum 
likelihood, and TreeDyn 198.3 for graphical representation 
(Chevenet et  al., 2006). Multiple sequence alignment (MSA) 
was done using Clustal Omega at European Molecular Biology 
Laboratory—European Bioinformatics Institute (Sievers et 
al., 2011; Goujon et al., 2010) and the conserved residues and 
domains visualized by the Mview multiple alignment viewer 
(Brown et al., 1998). Pairwise sequence alignments were 
done using EMBOSS Needle (Rice et al., 2000), utilizing the 
Needleman–Wunsch algorithm for global alignment. Domain 
search was conducted using Simple Modular Architecture 
Research Tool (SMART) in normal SMART mode (Schultz 
et al., 1998; Letunic and Bork, 2017) and visualized with the 
Illustrator for Biological Sequences (IBS) online illustrator 
(Liu et al., 2015). Prediction of protein location was done using 
the plant subcellular localization integrative predictor (PSI), 
which shows an integrative result based on the output of an 
11-member predictor community (Liu et al., 2013). Prediction 
of the interactome was done using the STRING database 
of protein–protein associations, while searching by protein 
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sequence (Szklarczyk et al., 2019). Resulting associations/
possible interactions that originate from text mining have been 
excluded, and the results show only associations supported by 
co-expression and/or experimental data.

Three-Dimensional Structure Modeling 
and Validation
SWISS-MODEL, a homology-based modeling software available 
at the ExPASy web server (Waterhouse et al., 2018), and 
CPHmodels 3.2 protein homology modeling server (Nielsen 
et al., 2010) were both used for 3D structure prediction from 
the sequence data. BLAST (Camacho et al., 2009) and HHBlits 
(Remmert et al., 2011) template search through the SWISS-
MODEL template library was done and the models built using 
ProMod3 (Waterhouse et al., 2018) and the target-template 
alignment.

QMEAN, used for validation of the predicted 3D structures, 
is a scoring function that considers single residues and the 
global model, delivering an estimation of absolute quality of 
the prediction (Benkert et al., 2011). In order to check the 
stereochemical quality of predicted structures, we used the 
PROCHECK program (Morris et al., 1992; Laskowski et al., 
1993). One of the stereochemical parameters considered is 
the fitness of the model in a Ramachandran plot, which maps 
the allowed backbone dihedral angles of amino acids (aa) in a 
protein structure (Ramachandran et al., 1963). Further on, we 
used the WHATCHECK software (Hooft et al., 1996) to calculate 
the Ramachandran Z-score, which compares the quality of the 
query structure to structures with high confidence (Hooft et al., 
1997). Lastly, we used the dDFIRE/DFIRE2 energy calculation 
(Yang and Zhou, 2008) to calculate free energy scores for our 
structure predictions.

PyMOL (The Py-MOL Molecular Graphics System) was used 
for visualization of the predicted structures (Schrödinger, 2010, 
Open-Source PyMOL 1.3).

RESULTS

Argonaute and Dicer Protein Families 
Are Expanded in Brachypodium Relative 
to Arabidopsis
To identify AGO and DCL proteins, the B. distachyon v3.1 
database (The International Brachypodium Initiative, 2010) 
was searched for transcripts whose encoded proteins contain 
the characteristic domain architecture of each protein family. 
The accession numbers of the acquired sequences, the names 
assigned to the corresponding BdAGO proteins, the location 
of the encoding genes, and a description of the primary 
transcripts are shown in Table 1. The naming convention 
is similar to that used by Mirzaei et al. (2014) for 16 AGO 
proteins identified by primary transcripts in the B. distachyon 
Bd21 v3.1 annotation (The International Brachypodium 
Initiative, 2010). Our search for BdDCL candidates within 
the Bd21 v3.1 database revealed nine sequences. Clear lack 
of functional domains or insufficient length of the deduced 
aa sequence reduced the number of putative DCL genes to six 
(Bradi1g15440, Bradi1g77087, Bradi2g23187, Bradi5g15337, 
Bradi1g21030, and Bradi3g29287). Accession numbers and 
assigned names for the encoded BdDCLs are shown in Table 
2. The putative AtAGO and AtDCL protein sequences were 
downloaded from The Arabidopsis Information Resource 
database (Table S1) and included in the MSA and phylogenetic 
analysis.

A phylogenetic analysis of the inferred BdAGO protein 
sequences relative to those of Arabidopsis AGOs is shown in 
Figure 1. BdAGO proteins were placed in all three AtAGO 
clades. Some were grouped with a specific AtAGO member 
within a clade (e.g., BdAGO8 was grouped with AtAGO7, 
and BdAGO5/6/7/10 were grouped with AtAGO5), whereas 
other BdAGOs were distributed throughout an entire clade 
(e.g., BdAGO1/2/3/4 within the AtAGO4/6/8/9 clade). In the 
AtAGO1/5/10 clade, BdAGO9/11/12/15/16 were interspersed 

TABLE 1 | Assigned names and accession numbers of BdAGO proteins as well as genomic location and description of the primary transcript (as acquired from 
Phytozome Bd21 v3.1 database).

Assigned 
name of 
protein

Primary transcript 
ID (Phytozome)

Location Description (Phytozome)

BdAGO1 Bradi2g10360.2 Bd2:8611187.8615652 reverse PTHR22891//PTHR22891:SF44 – Eukaryotic translation initiation factor 2C
BdAGO2 Bradi2g14147.1 Bd2:12806099.12812784 reverse PTHR22891:SF20 – Protein AGO 4-related
BdAGO3 Bradi2g10370.1 Bd2:8620394.8628745 reverse AGO family, subfamily AGO4
BdAGO4 Bradi4g08587.1 Bd4:7715921.7724879 reverse PTHR22891:SF35 – Protein AGO 6
BdAGO5 Bradi1g12431.2 Bd1:9307067.9313002 forward PTHR22891//PTHR22891:SF49 – Eukaryotic translation initiation factor 2C
BdAGO6 Bradi1g05162.2 Bd1:3447373.3455769 forward PTHR22891//PTHR22891:SF24 – Eukaryotic translation initiation factor 2C
BdAGO7 Bradi1g28260.3 Bd1:23482384.23489131 reverse AGO family, subfamily monocot-AGO1
BdAGO8 Bradi1g16060.3 Bd1:12986117.12991032 reverse AGO family, subfamily AGO7
BdAGO9 Bradi1g36907.2 Bd1:32760045.32772130 reverse PTHR22891//PTHR22891:SF25 – Eukaryotic translation initiation factor 2C
BdAGO10 Bradi1g54977.1 Bd1:53536162.53543236 forward PTHR22891//PTHR22891:SF36 – Eukaryotic translation initiation factor 2C
BdAGO11 Bradi1g29577.1 Bd1:25162908.25171156 reverse PTHR22891//PTHR22891:SF57 – Eukaryotic translation initiation factor 2C
BdAGO12 Bradi5g18540.1 Bd5:21720455.21728815 reverse AGO family, subfamily AGO1
BdAGO13 Bradi5g21810.1 Bd5:24487261.24492250 forward AGO family, subfamily AGO2/3
BdAGO14 Bradi5g21800.1 Bd5:24479944.24484383 forward AGO family, subfamily AGO2/3
BdAGO15 Bradi3g51077.3 Bd3:51944662.51956527 forward PTHR22891//PTHR22891:SF34 – Eukaryotic translation initiation factor 2C
BdAGO16 Bradi3g60697.5 Bd3:59325332.59333596 reverse PTHR22891//PTHR22891:SF34 – Eukaryotic translation initiation factor 2C
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with AtAGO1 and AtAGO10. These findings suggest that the 
structural and functional differences of AtAGO proteins are 
translated to the expanded Brachypodium family. Phylogenetic 
analysis of the inferred BdDCL proteins showed that they 

strongly aligned with individual members of the Arabidopsis 
DCL family (Figure 2). Like Arabidopsis, Brachypodium contains 
a single ortholog of DCL1 and DCL4; however, expansion of 
the BdDCL family has led to the presence of two copies of both 

TABLE 2 | Assigned names and accession numbers of BdDCL proteins as well as genomic location and description of the primary transcript (as acquired from 
Phytozome Bd21 v3.1 database).

Assigned 
name of 
protein

Primary transcript 
ID (Phytozome)

Location Description (Phytozome)

BdDCL1 Bradi1g77087.1 Bd1:73701094.73713218 forward PTHR14950:SF3 – ENDORIBONUCLEASE DICER HOMOLOG 1
BdDCL2a Bradi1g15440.1 Bd1:12353426.12376799 forward DCL family, subfamily DCL2
BdDCL2b Bradi1g21030.3 Bd1:16934990.16948923 reverse PTHR14950:SF19 - ENDORIBONUCLEASE DICER HOMOLOG 2
BdDCL3a Bradi3g29287.1 Bd3:31008845.31020951 forward PTHR14950//PTHR14950:SF31 - HELICASE-RELATED//SUBFAMILY NOT NAMED
BdDCL3b Bradi2g23187.3 Bd2:20726122.20733365 reverse PF00636//PF02170//PF03368 – Ribonuclease III domain (Ribonuclease_3)//PAZ 

domain (PAZ)//Dicer dimerization domain (Dicer_dimer)
BdDCL4 Bradi5g15337.3 Bd5:18845215.18867304 reverse PTHR14950:SF15 – DCL 4

FIGURE 1 | Phylogram of the BdAGO and AtAGO protein sequences, as calculated by Phylogeny.fr (MUSCLE, Gblocks, PhyML, TreeDyn). Branch support values 
are displayed in percentages, and branch support values smaller than 50% are collapsed. Scale bar defining the branch length displayed in bottom right corner.
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DCL2 and DCL3, as compared with the single ortholog present 
in Arabidopsis. Sequence comparisons revealed that DCL2a and 
DCL2b share 82.5% similarity at the aa level, while BdDCL3a and 
BdDCL3b share 44.2% similarity (aa, global alignment). Together, 
the phylogenetic trees show distinct branches interspersing 
Arabidopsis and Brachypodium homologues in functional clades; 
to our knowledge, this is the first indication of how the expansion 
of AGO and DCL protein families in Brachypodium relates to the 
specific clades and/or functional diversity of the corresponding 
Arabidopsis proteins.

Predicted Domains of BdAGO and BdDCL 
Proteins Indicate Structure Conservation
Next, we executed a domain search using SMART to elucidate 
the structures and functions of the 16 BdAGO proteins and 
six BdDCLs. The domain structure visualization of BdAGO 
(Figure  3) and BdDCL (Figure 4) proteins highlights the 
differences between members of each protein family with respect 
to the positions and presence/absence of the typically conserved 
domains. Detailed domain prediction data, as acquired by 
SMART/Pfam search, and the corresponding confidence values 

FIGURE 2 | Phylogram of the BdDCL and AtDCL protein sequences, as calculated by Phylogeny.fr (MUSCLE, Gblocks, PhyML, TreeDyn). Branch support values 
are displayed in percentages, and branch support values smaller than 50% are collapsed. Scale bar defining the branch length displayed in bottom right corner.

FIGURE 3 | Visual representation of domain structure of BdAGO proteins, as identified by domain search by SMART and Pfam. Picture generated with Illustrator for 
Biological Sequences illustrator. Displayed domains: N-domain, DUF1785 (L1), PAZ (PIWI Argonaut and Zwille), L2, MID, PIWI, sequence, with no domain predicted 
in gray.
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are shown for BdAGO (Table S2) and BdDCL proteins (Table S3). 
Consistent with other eukaryotic AGO proteins, many members 
of the BdAGO family are predicted to have four characteristic 
functional domains, including the N-terminal domain, PAZ, 
MID, and PIWI domain (Zhang et al., 2014). However, while 
the domain prediction results identified a variable N-t domain 
in most BdAGOs that consisted of both an N-domain and a 
DUF1785 domain (Poulsen et al., 2013), BdAGO1 and BdAGO13 

contained only the DUF1785 domain. In addition, BdAGO1, 
BdAGO2, BdAGO3, BdAGO4, BdAGO13, and BdAGO14 were 
not predicted to contain a MID domain, in comparison to a 
previous report (Mirzaei et al., 2014). MSA performed by Clustal 
Omega on the PIWI domain of BdAGO proteins (Figure  5) 
showed a typical pattern of conservation for the DEDD/H 
catalytic tetrad required for slicer activity and a conserved QF-V 
motif in all aligned sequences except BdAGO1, which has the 

FIGURE 4 | Visual representation of domain structure of Bd DCL proteins, as identified by domain search by SMART and Pfam. Picture generated with Illustrator for 
Biological Sequences illustrator. Displayed domains: DEAD-like helicase superfamily (DEXDc), helicase superfamily c-terminal domain (HELICc), dicer_dimer, PIWI 
Argonaut and Zwille (PAZ), ribonuclease III family (RIBOc), double-stranded RNA-binding motif (DSRM), sequence with no domain predicted in gray.

FIGURE 5 | Multiple sequence alignment (MSA) of the PIWI domain of BdAGO proteins, as acquired by Clustal Omega and Mview visualization. The catalytic tetrad 
DEDD/H (Asp-Glu-Asp-Asp or Asp-Glu-Asp-His) and the QF-V (Gln-Phe-Val) motifs are boxed.
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shortest protein sequence of all the BdAGO proteins and lacks 
the D/H residue of the catalytic tetrad.

Analysis of the predicted domains in BdDCL proteins revealed 
that the characteristic DEXDc, HELICc, Dicer-dimer (DUF283, 
Qin et al., 2010), PAZ, RIBOc, and DSRM domains are present in 
most family members. However, BdDCL2b and BdDCL3b lack 
the dimerization domain; BdDCL3b additionally lacks both the 
DEXDc and HELICc domains and instead contains an additional 
DSRM domain at the N terminus (position: 131-218, E-value: 
8.6e-17; Figure 4 and Table S3). By contrast, BdDCL2a and 
BdDCL2b contain only one DSRM domain (Figure 4, Table S3).

Three-Dimensional Modeling Supports 
Phylogenetic Data Showing a Strong 
Expansion in the BdAGOs in the 
AGO1/5/10-Related Clade
In order to obtain an optimal homology-based 3D model of 
the studied proteins, we used SWISS-MODEL and CPHmodels 
3.2. When choosing between models generated by alternative 
software programs or based on different templates, validation 
of the predicted structures is crucial for generating a consensus 
on the optimal model and further comparison. In case of 

BdAGOs, validation of the predicted structures was done using 
four different measurements, the results of which are shown in 
Table S4. While a 0-1 QMEAN value gives an absolute scoring 
of the predicted model, the Z-score shown in Table S4 serves as 
a comparison of the quality of the prediction of the query model 
relative to expected from a high-resolution X-ray crystallography 
structure. Typically, the more negative the Z-score is, the lower 
the quality of the predicted structure. Using PROCHECK, 
we report on the percentage of residues that fall into the most 
favored regions of the Ramachandran plot. The free energy 
score of the conformation of the predicted protein calculated 
by dDFIRE usually indicates lower values for a better model. 
Based on validation of the 3D models by the software, SWISS-
MODEL was chosen as the preferred modeling tool for BdAGO 
proteins (Table S4). The corresponding AtAGO 3D structures, 
predicted and validated in the same fashion (Table S5), were 
subsequently used alongside the visualization of the BdAGO 
proteins by PyMOL. Figures 6, 7, and S1 display the models, in 
which the PAZ, MID, and PIWI domains (where predicted) and 
residues comprising the DEDD/H catalytic tetrad are indicated 
for all BdAGOs and a corresponding AtAGO representing the 
appropriate branch of the phylogenetic tree depicted in Figure 1. 
Overall, the predicted structures of the BdAGOs mirror the 

FIGURE 6 | Three-dimensional structure predictions for BdAGO13 and BdAGO14 (with AtAGO2 as the closest homolog in Arabidopsis) and BdAGO1, BdAGO2, 
BdAGO3, BdAGO4 (with AtAGO4 as the closest homolog in Arabidopsis), as modeled by SWISS-MODEL. PAZ (yellow), PIWI (blue), and MID (red) domains as predicted 
by SMART and Pfam displayed. The catalytic tetrad within the PIWI domain (DEDD) is marked by magenta spheres. Visualization by PyMOL.
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corresponding AtAGO structures, suggesting a functional 
conservation. The PIWI domain and the catalytic tetrad 
especially show similarity between the clade members shown 
together in Figures 6 and 7. The BdDCL proteins did not have 
successfully modeled structures predicted by either software and 
thus are not shown.

Expression Analysis and Putative 
Interactors of BdAGO Proteins
We addressed the question of tissue-specific expression of 
BdAGO and BdDCL genes by utilizing the B. distachyon eFP 
Browser (Sibout et al., 2017; Winter et al., 2007) in Table 3. 

Stronger expression of BdAGO and BdDCL genes was observed 
in seed and stem tissue compared with roots or leaves. The plant 
subcellular localization integrative predictor used for protein 
localization predicted that all BdAGOs reside in the cytosol, 
except for BdAGO3, BdAGO14 (predicted to localize in the 
nucleus), and BdAGO7 (predicted to localize in plastids), with 
varying scores of confidence (Table S7).

Finally, prediction of proteins that interact with BdAGOs was 
carried out using STRING (Table S6). All predicted BdAGOs 
were found to be either co-expressed or experimentally shown 
to interact with three proteins: Bradi1g36340.1, Bradi2g30160.1, 
and Bradi4g45065.1. BLASTP search of these protein sequences 
identified them as a 110-kDa U5 small nuclear ribonucleoprotein 

FIGURE 7 | Three-dimensional structure predictions for BdAGO5, BdAGO6, BdAGO7, and BdAGO10 (with AtAGO5 as the closest homolog in Arabidopsis) and 
BdAGO9, BdAGO11, BdAGO12, BdAGO15, and BdAGO16 (with AtAGO1 as the closest homolog in Arabidopsis), as modeled by SWISS-MODEL. PAZ (yellow), 
PIWI (blue), and MID (red) domains as predicted by SMART and Pfam displayed. The catalytic tetrad within the PIWI domain (DEDD) is marked by magenta spheres. 
Visualization by PyMOL.
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component CLO (Bradi1g36340.1), a putative GTP-binding/
transcription factor (Bradi2g30160.1), and DNA-directed RNA 
polymerase V subunit 1 or DNA-directed RNA polymerase V 
subunit 1 (Bradi4g45065.1). In addition to the aforementioned 
proteins, BdAGO9 (classified in the AtAGO1/5/10 clade) was 
predicted to interact with seven other proteins, identified as 
three homeobox proteins knotted-1-like (Bradi1g12677.1, 
Bradi1g12690.1, Bradi1g57607.1), two GATA transcription 
factors (Bradi2g14890.1, Bradi2g45750.1), and two putative 
uncharacterized proteins (Figure S2).

DISCUSSION

In the present work, we investigated the phylogenetic 
relationships, domain, structure conservation, and predicted 
redundancy of AGO and DCL proteins in the model grass plant 
B. distachyon. Our findings imply that BdAGOs and BdDCLs 
have more copies and possibly greater diversification relative 
to Arabidopsis. One known example of such diversification in 
monocotyledonous plants is the rice AGO18, which confers 
antiviral immunity by sequestration of an miRNA (Wu et al., 
2015). Since the presence of domains typical for AGO and DCL 
protein families serves as a selection criterion for proteins within 
this uninvestigated grass model species, we discuss phylogenetic 
relationships and predicted domain occurrence in detail.

Our analyses show that Brachypodium, like other grasses, 
contains one protein (BdDCL1) whose sequence groups with 
AtDCL1, one with AtDCL4 (BdDCL4), and two proteins each that 
group with AtDCL2 and AtDCL3 (Margis et al., 2006). Analysis 

of their predicted domain structures showed that BdDCL2b and 
BdDCL3b lack the dicer-dimer (DUF283) domain, known to 
mediate heterodimerization of AtDCL4 with its protein partners 
(Qin et al., 2010), but it is partially missing in two other DCLs 
(AtDCL3 and OsDCL2b, Margis et al., 2006). The second DSRM 
domain also was not predicted in either of the BdDCL2s. This 
finding is consistent with the previous discovery that AtDCL2 
in Arabidopsis and OsDCL2a and OsDCL2b in rice also contain 
only one DSRM (Margis et al., 2006). This second DSRM domain 
has only a weak affinity for dsRNA, but it specifically binds to 
proteins of the HYPONASTIC LEAVES 1/dsRNA-binding 
protein family (Hiraguri et al., 2005; Margis et al., 2006). Since 
the DSRM domains mediate the transfer of the newly generated 
sRNA to the appropriate AGO protein (Parker et al., 2008), 
variations in the C-terminal architecture may influence which 
downstream partners and RNAi pathways are utilized by specific 
DCLs. The high level of divergence between DCL3a and DCL3b 
in several monocot species has led to the classification of DCL3b 
as a distinct type of DCL, termed DCL5. This monocot-specific 
class of DCLs has been retained for over 60 million years (Margis 
et al., 2006). It is is responsible for generating 24-nt-phased 
sRNAs in the male reproductive organs (Song et al., 2012). 
Interestingly, the predicted domain structure of BdDCL3b differs 
substantially from that of BdDCL3a, as it lacks both the DEXDc 
and HELICc domains (alongside the dicer-dimer domain) but 
contains an additional N-terminal DSRM (Figure 4, Table S3). 
Since the helicase domains are thought to mediate unwinding of 
the dsRNA (Zhang et al., 2004), the functionality of BdDCL3b 
is unclear. Mutations in AtDCL1 that impair helicase activity 
were previously shown to suppress miRNA accumulation (Liu 

TABLE 3 | Gene expression data as displayed on the B. distachyon eFP Browser (Winter et al., 2007; Sibout et al., 2017).

Gene ID Assigned 
name

1Highest expression signal 2Peduncle, 
spikelet and 
stem nodes

2Root 2Leaf 2Seed

Bradi2g10360 BdAGO1 Whole_grain_11_DAF
Bradi2g14147 BdAGO2 First_node_27_DAG
Bradi2g10370 BdAGO3 First_node_10_DAG
Bradi4g08587 BdAGO4 Whole_grain_2_years
Bradi1g12431 BdAGO5 Not found in browser
Bradi1g05162 BdAGO6 Endosperm_31_DAF
Bradi1g28260 BdAGO7 Endosperm_11_DAF
Bradi1g16060 BdAGO8 First_node_10_DAG
Bradi1g36907 BdAGO9 First_node_10_DAG
Bradi1g54977 BdAGO10 Whole_grain_11_DAF
Bradi1g29577 BdAGO11 Upper_part_of_inclined_node_42_DAG
Bradi5g18540 BdAGO12 Last_internode_35_DAG
Bradi5g21810 BdAGO13 Last_node_35_DAG
Bradi5g21800 BdAGO14 Last_internode_35_DAG
Bradi3g51077 BdAGO15 Roots_10_DAG
Bradi3g60697 BdAGO16 Roots_10_DAG
Bradi1g77087 BdDCL1 Whole_grain_2_years
Bradi1g15440 BdDCL2a First_internode_27_DAG
Bradi1g21030 BdDCL2b Whole_grain_2_years
Bradi3g29287 BdDCL3a Lower_part_of_inclined_node_42_DAG
Bradi2g23187 BdDCL3b First_node_10_DAG
Bradi5g15337 BdDCL4 Whole_grain_2_years

1The tissue with the highest absolute expression level per gene ID is indicated (DAF, day after fertilization; DAG, day after germination).
2Summary of relative expression level per gene ID displayed for tissues; color indicates relative expression levels (log2, the control is calculated from all the samples displayed on the 
particular eFP browser view); dark blue (high for the transcript relative to control) to light blue (low for the transcript relative to control).
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et al., 2012). However, comparable levels of transcripts for two 
splice variants of AtDCL2, one of which contains an altered 
helicase region, were detected throughout the Arabidopsis life 
cycle (Margis et al., 2006). Additional structural and biochemical 
analyses are therefore required to assess the role of BdDCL3b.

Phylogenetic analysis of the BdAGO protein family placed 
members in all three clades defined by Arabidopsis AGOs. Thus, 
the structural and functional differences of AtAGO proteins 
appear to be translated to the expanded Brachypodium family. 
For two of the three clades, the number of BdAGO and AtAGO 
family members was equivalent. By contrast, the AtAGO1/5/10 
clade was highly expanded in Brachypodium, with four members 
(BdAGO9/11/12/15/16) grouped with AtAGO1. This member 
of the Arabidopsis family is associated with a range of functions, 
including processing of dsRNA from transgenes and exogenous 
sources, and RNAs involved in ckRNAi (Vaucheret et al., 2004; 
Weiberg et al., 2013). If the corresponding BdAGO members of 
this clade are found to have similar functions in PTGS-mediated 
transgene silencing, this information would be highly useful 
for developing RNAi-based protection strategies for cereal 
crops. AtAGO10 groups with the same BdAGOs, as expected 
considering the clade association with AtAGO1. AtAGO5, which 
is the third member of the AtAGO1/5/10 clade, groups with 
BdAGO5/6/7/10. By contrast, BdAGO1/2/3/4 were interspersed 
within the AtAGO4/6/8/9 clade, raising the possibility that these 
Brachypodium proteins are involved in TGS.

As displayed in our domain visualization (Figure 3), all 16 
BdAGOs have a predicted PAZ domain. In AGOs, this domain 
recognizes the 3’ end of the guide sRNA molecule, made 
accessible to the hydrophobic pocket of this nucleotide-binding 
domain by the typical 2’-O-methyl modification of the final 
sugar (Lingel et al., 2003; Cenik and Zamore, 2011). The MID 
domain recognizes the 5’ nucleotide of the sRNA, thus giving 
preference of an AGO protein into which the sRNA will be 
loaded (Frank et al., 2012). In Arabidopsis, sRNA with a 5’ U are 
sorted into AtAGO1, while AtAGO2 and AtAGO4 load sRNAs 
with a 5’ A and AtAGO5 loads sRNAs with a 5’ C (Mi et  al., 
2008). Our SMART/Pfam domain architecture search failed to 
identify a MID domain in any of the BdAGOs grouped in the 
AtAGO4/6/8/9 clade (BdAGO1/2/3/4) and with the AtAGO2/3 
(BdAGO13/14) (Table S2), although this domain was reported 
in these proteins in a different study (Mirzaei et al., 2014). The 
specificity of sRNA sorting into particular AGOs can be further 
determined by the recognition of the sRNA secondary structure/
base pairing by a QF-V motif present in the PIWI domain 
(Zhang et al., 2014). All Arabidopsis AGOs have the conserved 
QF-V motif, as do all 16 BdAGOs (Figure 5). The DEDD/H 
catalytic tetrad in the PIWI domain is also present in all but one 
of the BdAGOs. These active-site residues are critical for the 
RNase H-like endonuclease (slicer) activity exhibited by certain 
AGOs, which mediates sequence-specific cleavage of the target 
transcript. AtAGO1, AtAGO2, AtAGO4, AtAGO7, and AtAGO10 
have been shown to have endonucleolytic activity toward target 
RNAs (Fang and Qi, 2016). Originally identified as a catalytic 
triad consisting of the residues DDH in most AtAGOs, but DDD 
in AtAGO2 and AtAGO3 (Höck and Meister, 2008), studies of 
yeast AGO revealed the importance of an invariant glutamate (E) 

residue, creating a catalytic tetrad (Nakanishi et al., 2012). This E 
residue is conserved in all Arabidopsis AGOs (Zhang et al., 2014). 
Consistent with these findings, MSA visualization of the BdAGO 
PIWI domains indicated that the majority of BdAGO proteins 
have the DEDH tetrad, except BdAGO13 and BdAGO14, which 
like their closest homologues AtAGO2 and AtAGO3, contain the 
DEDD tetrad (Figure 5). The only exception is BdAGO1, which 
is a short protein that terminates after 624 residues and lacks the 
last catalytic residue of the tetrad. Without the conserved catalytic 
residues, a specific AGO protein might induce gene silencing 
through means other than cutting, but Höck and Meister (2008) 
also discuss that the presence of a conserved catalytic triad 
does not mean the protein indeed has endonuclease activity. If 
an AGO does not display endonuclease activity, it may mediate 
PTGS via translation inhibition of the target RNA (Carthew 
and Sontheimer, 2009). Interestingly, the L1 and L2 linkers are 
predicted in all 16 BdAGOs as well (Table S2).

3D structure visualizations of all BdAGOs (Figures 6, 7 and 
S1) reinforce the conservation of the PAZ, PIWI, and MID 
domains (when predicted by SMART) and the catalytic tetrad 
residues in proximity within the PIWI domain (magenta spheres). 
The differences in the folding and looping linker regions within 
a certain group, relative to Arabidopsis AGOs, are shown in the 
model visualizations. Furthermore, the similarity between the 
3D structures of BdAGOs that were predicted either to contain 
or lack a MID domain by the SMART/Pfam domain architecture 
search (e.g., Figure 6) reinforces the importance of comparing 
entire 3D models in order to gain insight into structure/function 
conservation. These structures are based on templates with 
better-known functional specificity and thus hint at the functions 
of the orthologs in Bd. As shown in Table S4, the templates used 
for modeling are based on either Argonaute 1 or Argonaute 2, 
with varying coverage and confidence values.

To assess the expression levels and locations of BdAGO and 
BdDCL family members, we analyzed the microarray-based 
expression data in the B. distachyon eFP browser (Table 3). 
Expression of BdAGO genes was observed in all four tissues 
assayed, although to varying extents. The expression patterns 
across the gene families indicate potential for functional 
redundancy. Notably, all members of the AtAGO1 clade 
(BdAGO9/11/12/15/16) show high and intermediate levels of 
expression in stem nodes and root tissue, respectively, while 
the BdAGO1/2/3/4 proteins generally display high expression 
in stem nodes and seeds. Analysis of BdDCL gene expression 
revealed that most members of this family are highly expressed 
in stem nodes and/or seeds. In vivo experimental approaches 
are necessary to decipher whether the apparent co-expression of 
these genes indicates specific compartmentalization or complete/
partial redundancy in the various RNAi processes, including 
environmental RNAi and ckRNAi pathways.

Finally, we used STRING to predict the interactome for 
members of the BdAGO family. This analysis indicates that all 
BdAGOs interact with three proteins (Table S6), as was expected 
because of the domain conservation within the family. In addition, 
several potential interactors were identified for BdAGO9, based 
on co-expression or experimental data (Figure S2, Table S6). Of 
these, DNA-directed RNA polymerase V subunit 1 was previously 
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shown to co-localize with, and possibly directly bind to, AtAGO4 
via a so-called “Ago hook” (GW-rich domain), in order to facilitate 
the recruitment of AGO4 to chromatin to mediate TGS (El-Shami 
et al., 2007; Fang and Qi, 2016). Poulsen et al. (2013) have discussed 
that the binding of GW interactors to AGO make the loop with the 
E residue of the catalytic tetrad unavailable to the otherwise rigid 
DDD/H triad within the PIWI domain, thus offering an explanation 
of how the slicing activity is prevented in cases of silencing by 
translational inhibition. Moreover, GW containing proteins Needed 
for RDR2-independent DNA methylation and Silencing Defective 
3 have been indicated in pathways bringing DNA/chromatin 
silencing together with RNAi proteins (Garcia et al., 2012; Pontier 
et al., 2012). Protein co-expression and interaction studies in vivo 
are necessary to confirm the identity and locations of these putative 
BdAGO interacting proteins. Due to the stringency of the prediction 
(excluding text mining data) and the lack of knowledge about 
the Brachypodium RNAi machinery, we were unable to predict 
additional interactions or to detect RNAi-related proteins that are 
known to interact with members of the AGO family in Arabidopsis. 
These include DCLs, HEN1 (involved in the methylation of sRNA 
3’ ends to prevent degradation), RDRs (RNA-dependent RNA 
polymerases that synthesize dsRNAs from single-stranded RNAs), 
and HSP90, the heat shock protein that binds to AtAGO1 and 
AtAGO4 to aid the loading of the sRNAs and RISC assembly (Fang 
and Qi, 2016; Nakanishi, 2016). Moreover, the predicted localization 
of the BdAGOs places the majority of them in the cytosol, except 
for BdAGO3 and BdAGO14, which are predicted to localize in the 
nucleus (Table S7). From what is known about Arabidopsis AGOs, 
AtAGO1 is proposed to have a localization in the nucleus and the 
cytoplasm (Vaucheret, 2008), while AtAGO4 localizes to the nuclear 
Cajal bodies (Höck and Meister, 2008).

In sum, based on in silico prediction, our data provide the 
first detailed functional insight into the AGO and DCL protein 
families in Brachypodium. In the context of plant–microbe 
interactions and ckRNAi, the Brachypodium orthologs of 
AtAGO1 are of special interest because microbial sRNAs are 
shown to be loaded onto AtAGO1 (Weiberg et al., 2013). Our 
predictions indicate a clade of BdAGOs structurally similar 
to AtAGO1, consisting of BdAGO9/11/12/15/16 (Figure 7). 
Elaborating on such similarities with the well-established clades 
of Arabidopsis AGOs and DCLs is a valuable basis for testing the 
hypothesis that BdAGO9/11/12/15/16 proteins are required for 
exogenous and endogenous dsRNA processing in HIGS, SIGS, 
and bidirectional ckRNAi in the grass model. Beyond what is 

predictable by in silico analysis, more data on expression patterns 
and interacting proteins are needed to further understand the 
role of these pillar proteins of RNAi pathways in cereals.
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Abstract: The hemibiotrophic fungus Magnaporthe oryzae (Mo) is the causative agent of rice blast and
can infect aerial and root tissues of a variety of Poaceae, including the model Brachypodium distachyon
(Bd). To gain insight in gene regulation processes occurring at early disease stages, we comparatively
analyzed fungal and plant mRNA and sRNA expression in leaves and roots. A total of 310 Mo genes
were detected consistently and differentially expressed in both leaves and roots. Contrary to Mo, only
minor overlaps were observed in plant differentially expressed genes (DEGs), with 233 Bd-DEGs in
infected leaves at 2 days post inoculation (DPI), compared to 4978 at 4 DPI, and 138 in infected roots.
sRNA sequencing revealed a broad spectrum of Mo-sRNAs that accumulated in infected tissues,
including candidates predicted to target Bd mRNAs. Conversely, we identified a subset of potential
Bd-sRNAs directed against fungal cell wall components, virulence genes and transcription factors.
We also show a requirement of operable RNAi genes from the DICER-like (DCL) and ARGONAUTE
(AGO) families for fungal virulence. Overall, our work elucidates the extensive reprogramming of
transcriptomes and sRNAs in both plant host (Bd) and fungal pathogen (Mo), further corroborating
the critical role played by sRNA species in the establishment of the interaction and its outcome.

Keywords: argonaute; dicer; RNAi; plant disease; small RNA; virulence; gene expression

1. Introduction

The ascomycete fungus Magnaporthe oryzae (Mo) (anamorph: Pyricularia grisea) is the
causal agent of rice blast, one of the most devastating and widespread diseases of cultivated
rice, reducing yields up to 30% annually [1–3]. Members of the Magnaporthe genus can also
infect a variety of other cereals, including barley, rye and wheat, making Mo a major threat
to global food security [4,5]. Currently, blast management strategies rely on a combination
of fungicide applications (e.g., azoles), development of resistant cultivars, and agronomic
practices such as removal of crop residues, water management and crop/land rotation [6,7].

In the early stage of foliar infection Mo behaves as a biotroph, forming a biotrophic
interfacial complex (BIC) between the primary invasive hyphae (derived from the pen-
etration peg) and the infected host cell, where it secretes small molecules (effectors) to
modulate the interaction [8,9]. Subsequently the fungus forms secondary hyphae and
spreads to neighboring cells, undertaking a lifestyle change switching to a necrotrophic
growth, with the appearance of the characteristic blast lesions on leaves [5]. Mo is able to
infect all aerial parts of rice including nodes, panicles and necks, and has been shown to
produce necrotic lesions on both rice and barley roots, although its lifestyle in roots seems
to depend on the inoculation method [4,10]. Mo infections have also been established
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in Brachypodium distachyon (Bd), which has been proposed as a model for cereals as it is
preferable for research over more complex crops such as wheat and barley [11,12]. Bd has a
smaller genome (272 Mb in Bd21-3 v1.0 assembly) with low genome complexity, a short life
cycle, simple growth requirements and a vast T-DNA insertion library available [13–15].

Small RNAs (sRNAs), such as small interfering RNAs (siRNAs) and micro RNA
(miRNAs), are systemic signals that modulate distal gene regulation and epigenetic events
in response to biotic and abiotic environmental cues in plants [16–18]. Particularly, sRNA-
mediated gene silencing is one of the main defense mechanisms against viral attack and
genome damaging effects of transposons. The action of sRNAs rests upon their role in
RNA interference (RNAi), a conserved mechanism of gene regulation in eukaryotes at the
transcriptional (TGS or transcriptional gene silencing) and post-transcriptional (PTGS or
post-transcriptional gene silencing) levels [19–21]. In plants, the trigger for RNAi is either
endogenous or exogenous (e.g., viral) double-stranded RNA (dsRNA) or hairpin RNA
(hpRNA) that is processed into short 20 to 24 nucleotide (nt) double-stranded sRNAs by
DICER-like (DCL) enzymes [22,23]. These sRNAs are incorporated into an RNA-induced
silencing complex (RISC), containing an RNAse III-type endonucleolytic ARGONAUTE
(AGO) protein to target complementary RNAs for degradation/inhibition or epigenetic
modification by RNA-dependent DNA methylation (RdDM), histone modification and
chromatin remodeling. Additionally, secondary sRNAs are generated in plants by RNA-
dependent RNA polymerases (RdRPs) [21,24].

The genome of Mo encodes a complete RNAi machinery, comprised of two DCL
genes, three AGO genes and three RdRP genes [25–27]. Knock-out (KO) of RNAi path-
way components severely affected sRNA production in axenic culture, with deletion of
MoDCL2, MoRdRP2 and MoAGO3 genes reducing sRNA expression levels. In particular,
MoDCL2, but not MoDCL1, was necessary for siRNA production from dsRNA precursor
molecules [27]. Of note, loss of MoAGO3 and MoRdRP1 function reduced both sRNAs and
fungal virulence on barley leaves. sRNA-mediated alterations of TGS and PTGS have been
detected in vitro both during starvation/different nutrient availability, and in planta during
different stages of rice leaf infection [27]. Additionally, Mo sRNAs differentially accumulate
in mycelia and appressoria [28], further supporting the notion that sRNAs regulate Mo’s
development, growth and virulence. Similar to Mo, the formation of endogenous sRNAs
in Bd is also subject to changes in response to external factors, where miRNAs have been
proven to vary during exposure to abiotic stress and between vegetative vs. reproduc-
tive tissues [29], pointing to operable RNAi-based regulatory mechanisms in the model
grass [30]. A total of 328 Bd miRNA precursor sequences have been identified so far and
deposited in the miRBase database, corresponding to 536 mature miRNAs with predicted
regulatory functions in cold [31], heat [32] and drought stress [33] and morphological
alterations [34]. While knowledge about the RNAi machinery of Bd is not comprehensive
and there is currently no data on RNAi KO mutants available from this organism, our
recent work characterized the major RNAi genes in silico, resulting in 16 BdAGO-like and
six BdDCL candidates [35]. Thus, the study showed that the RNAi machinery follows the
trend that cereals have extended families of key enzymes involved in RNAi.

Consistent with the exchange of RNAs during animal-parasitic interactions [36–38],
sRNAs are also exchanged in host plant–pathogen interactions. The plant–pathogenic
fungus Verticillium dahliae (Vd) accumulated plant miRNAs when recovered from infected
cotton samples, indicating that host-derived sRNAs were transmitted into the pathogen
during infection [39]. Two of those cotton miRNAs, miR166 and miR159, target the fungal
genes Ca2+-dependent cysteine protease calpain (VdClp-1) and isotrichodermin C-15 hydroxylase
(VdHiC-15), respectively, which are known to contribute to fungal virulence. Similarly,
Arabidopsis cells secrete vesicles to deliver sRNAs into grey mold fungal pathogen Botrytis
cinerea (Bc), where they cause silencing of fungal genes critical for pathogenicity [40].
Consistent with the bidirectional move of sRNAs in plant-microbe interactions, Bc also
produces sRNA effectors that downregulate Arabidopsis and tomato genes involved in
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immunity [41]. Some of these sRNAs, for example Bc-siR37, downregulate a large set of
host immunity genes to enhance Bc pathogenicity [42].

Here we investigate the induction of sRNAs and transcriptome changes in the early
stages of interaction of Bd and Mo based on data generated by parallel sequencing of sRNA
and mRNA from infected leaf and root tissues. Using a previously published bioinformatics
pipeline to characterize sRNA and its targets [43], we predict potential sRNA effectors
whose targets were downregulated in the respective recipient organism.

2. Results
2.1. Requirement for Functional RNAi Genes in the Interaction of Brachypodium distachyon
Bd21-3 and Magnaporthe oryzae 70-15

The Magnaporthe oryzae (Mo) 70-15 genome encodes three putative AGO and two
DCL proteins, previously identified by domain search and phylogeny with known Neu-
rospora crassa (Nc) RNAi machinery genes [25–27]. The corresponding protein sequences
were obtained from NCBI: XP_003714515.1 (MGG_01541T0, MoDCL1), XP_003715365.1
(MGG_12357T0, MoDCL2), XP_003716704.1 (MGG_14873T0, MoAGO1), XP_003717504.1
(MGG_13617T0, MoAGO2) and XP_003714217.1 (MGG_01294T0, MoAGO3); they were
included in new phylogenetic trees to corroborate previous findings (Figure S1A,B). To
assess the conservation of key AGO and DCL domains, prediction was carried out with
Simple Modular Architecture Research Tool (SMART). All three AGOs have conserved
domain structures with five characteristic domains: N-terminal domain, DUF1785, PAZ
(Piwi Argonaut and Zwille), L2 and PIWI (P-element Induced WImpy testis) (Figure S1C;
Table S1). Additionally, multiple sequence alignment (MSA) confirmed the conservation
of the DEDD catalytic tetrad (Asp/Glu/Asp/Asp) and the QF-V motif (Glu/Phe/Val) in
the MoAGO PIWI domains (Figure S2). Likewise, both MoDCLs have the four conserved
domains required for the cleavage of dsRNAs: DEXDc, HELICc, dicer-dimer and RIBOc
(Figure S1D; Table S1). Subcellular localization of MoAGOs and MoDCLs was assessed us-
ing PSI-predictor; MoDCL1, MoAGO1 and MoAGO3 were predicted to primarily localize
in the nucleus, while MoDCL2 and MoAGO2 were predicted to primarily localize in the
cytosol. MoAGO1 and MoAGO2 also had secondary predicted localizations, the first in the
cytosol and the second in plastids (Table S2).

Protein interaction analysis with STRING did not highlight any experimentally proven
interaction for MoAGO and MoDCL proteins, but probable interactions could be inferred
from data derived from homologs, found to either interact or co-express with several
proteins in other species (Table S3A,B). In particular, all MoAGOs were predicted to
interact with the two MoDCL proteins, a U5 small nuclear ribonucleoprotein compo-
nent (MGG_13500) and a cell cycle control protein cwf14 (MGG_06309). For MoAGO1,
additional interaction was predicted with Pumilio-family RNA-binding repeat protein
(MGG_03158), ATP-dependent RNA helicase DED1 (MGG_02762), high-affinity glucose
transporter (MGG_13651) and four uncharacterized proteins. In addition to interaction
with AGO proteins, both fungal MoDCLs were predicted to interact with ATP-dependent
DNA helicase MPH1 (MGG_04429), 30S ribosomal protein S16 (MGG_02598), WD domain-
containing protein (MGG_06727) and three uncharacterized proteins.

3D protein structure modeling for both MoDCL and MoAGO was performed with
SWISS-MODEL. While no acceptable QMEAN Z-scores (>−4) values were obtained for the
two DCLs and AGO2 models due to the lack of suitable reference structures, two models
for AGO1 (model 1 based on hAGO1, GMQE = 0.52 QMEAN = −3.98 and model 3, based
on hAGO2, GMQE = 0.51 QMEAN = −3.31) and model 6 for AGO3 (based on hAGO4
template, GMQE = 0.46 QMEAN = −3.50) passed the first quality check and were further
validated with PROCHECK and WHATCHECK. Model 1 of AGO1 had a higher percentage
of residues in the core region of the Ramachandran plot (88.4%) and a better Ramachandran
Z-score (−1.808) compared to model 3 (87.6% and −1.531 Z-score), while the AGO3 model
scored 86.7% and −2.088, respectively. As a result, model 1 of AGO1 and model 6 of AGO3
were selected as the best models and visualized with PyMOL (Figure 1A,B).
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Figure 1. Predicted 3D structures of (A) M. oryzae MoAGO1 and (B) MoAGO3. Structures were
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DUF1785, yellow = PAZ (Piwi Argonaut and Zwille), green = L2, purple = PIWI (P-element Induced
WImpy testis), the rest of the sequence with no domain predicted is colored in grey.

Next, we assessed the virulence of ∆moago1, ∆moago2, ∆modcl1, ∆modcl2 and the
double mutant ∆modcl1/2 using Bd21-3 as a host. Negative effects on vitality of the five
mutants vs. Mo wildtype (wt) could not be detected when inspecting conidia germination
and appressorium formation on poly-L-lysine coated glass slides by 24 h after the onset of
germination (Figure S3). In contrast, virulence of these mutants was compromised both
on Bd leaves and roots (Figure S4). Since we expected differences in infection phenotypes
depending on test conditions, three different leaf inoculation protocols were tested: (i.)
upon drop inoculation of detached leaves all mutants showed significant (Kruskal–Wallis
test, p < 0.05) reduction in necrotic lesion size, ranging from a −20% to −48% reduction of
relative necrotic area compared to Mo wt (∆moago1 −48%; ∆moago2 −32%; ∆modcl1 −39%;
∆modcl2 −24%; ∆modcl1/2 −20%; Figure 2A); (ii.) upon spray inoculation of detached
leaves, virulence of ∆moago1 and ∆modcl1 was virtually unaffected as they showed the
typical necrotic lesions at 5 days post inoculation (DPI), compared to ∆moago2, ∆modcl2
and ∆modcl1/2, showing significantly reduced necrotic lesion areas (compared to Mo wt:
∆moago2 −40%; ∆modcl2 −83%; ∆modcl1/2 −68% necrotic lesion sizes; Figure 2B); (iii.)
similar phenotypes were observed in the whole seedling spray assay, with the exception of
∆modcl2 and ∆modcl1/2 that appeared avirulent and did not show any detectable lesions
(reduction in the necrotic lesion size compared to Mo wt: ∆moago2 −79%; ∆modcl2 −100%;
∆modcl1/2 −100%; Figure 2C). Finally, mutants were inoculated on Bd roots and fungal
presence was measured at 5 DPI by qPCR based on the fungal actin. All mutants showed
a significant reduction in fungal biomass, with ∆moago2, ∆modcl2 and ∆modcl1/2 being
the most severely affected (reduction in MoActin levels compared to wt: ∆moago1 −70%;
∆moago2 −78%; ∆modcl1 −47%; ∆modcl2 −87%; ∆modcl1/2 −87%; Figure 2D). These results
confirm and extend previous findings that Mo’s RNAi machinery is required for disease
development in cereals and, in particular, that DCL2 is a key factor not only for sRNA
biogenesis but also for fungal virulence.
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Figure 2. Infection assays of M. oryzae RNAi mutants. (A) Detached second youngest leaves of three-week-old Bd seedlings
were drop inoculated with 10 µL Mo conidia suspension 50 × 103 spores mL−1 in 0.002% Tween20 and kept under high
humidity at 16 h light/8 h dark cycle at 22 ◦C/18 ◦C. Fungal pathogenicity was assayed via ImageJ software at 5 DPI. The
experiment was conducted two times (n = 8 plants per experimental group) with similar results. Comparisons between
groups was performed via ANOVA and Tukey’s range test for multiple comparisons. (B) Detached Bd leaves were spray
inoculated with a total of 250 µL Mo conidia suspension 50 × 103 spores mL−1 in 0.002% Tween20 and kept and evaluated
as in (A). The experiment was conducted two times (n = 8 plants per experimental group) with similar results. Comparisons
between groups was performed via Welch one-way test coupled with pairwise t-tests with Benjamini–Hochberg p-value
adjustment. (C) Three-week-old Bd seedlings were spray inoculated with Mo conidia suspension 120 × 103 spores mL−1 in
0.002% Tween20 and kept and evaluated as in (A). The experiment was conducted two times (n = 18 plants per experimental
group) with similar results. Comparisons between groups was performed via Kruskal–Wallis test and Dunn’s test of
multiple comparisons. (D) Roots of seven-day-old Bd seedlings were inoculated with 1 mL of Mo conidia suspension 125 ×
103 spores mL−1 in 0.002% Tween20 for 3 h. Afterwards, seedlings were transplanted in small pots (3 cm Ø) and grown for
an additional 5 days before harvesting. Fungal amount was calculated by qPCR based on the ratio of fungal actin (MoActin).
The experiment was conducted two times (n = 6 roots per experimental group) with similar results. Comparisons between
groups was performed via ANOVA and Tukey’s range test for multiple comparisons. (A–D) Letters represent statistical
difference among all groups’ means (α < 0.05). Asterisks represent statistical difference of each group against wildtype (wt)
(* p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001).

2.2. Differentially Expressed Genes (DEGs) in the Early Stages of Leaf and Root Infections

TruSeq® Stranded mRNA libraries were produced from (i.) Mo axenic culture, (ii.)
Mo-infected and mock-treated Bd roots (4 DPI) and (iii.) Mo-infected and mock-treated
Bd leaves (2 DPI and 4 DPI) (Figure 3). These early time points were chosen to assess
gene expression patterns both in the foliar biotrophic and necrotrophic growth phase of
hemibiotrophic Mo [5]. mRNAseq analysis revealed a total of 233 Bd-DEGs (Wald test,
Benjamini–Hochberg (BH) adjustment, adjusted p-value (padj) < 0.05) in leaves at 2 DPI
(224 upregulated and 9 downregulated), compared to 4978 at 4 DPI (3023 upregulated and
1955 downregulated) and 128 in roots (89 upregulated and 39 downregulated) (Figure 4;
Table 1; Figure S5).
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Bd21-3. (A,D) Detached 21-day-old Bd leaves were drop-inoculated with 10 µL of Mo suspension
(50,000 conidia/mL) and kept for (A) 2 and (C) 4 days at high humidity, or mock-inoculated (B,D)
with Tween water. Roots of 7-day-old Bd seedlings were (E) drop-inoculated with 1 mL of Mo
suspension (250,000 conidia/mL) or (F) mock-inoculated or and kept for 4 days under high humidity
at 16 h light/8 h dark cycle at 22 ◦C/18 ◦C.
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Table 1. Total numbers of significantly (padj < 0.05) upregulated or downregulated genes in the
B. distachyon–M. oryzae interaction.

Setup Total Mo Genes
(Up)

Total Mo Genes
(Down)

Total Bd Genes
(Up)

Total Bd Genes
(Down)

Leaf 2 DPI 1041 1094 224 9

Leaf 4 DPI 1710 1476 3023 1955

Root 673 327 89 39
Overview of DESeq2 results. DESeq2 test for differential expression based on negative binomial distribution.
Abbreviation: DPI = days post inoculation.

Minor overlaps were observed comparing downregulated Bd genes between the bio-
logical setups, with only two shared between the foliar infections, and five between the leaf
(4 DPI) and the root setup (Figure 5A). Among the upregulated genes, the highest overlap
was seen between the foliar infections, sharing 134 DEGs, compared to 16 DEGs shared
between root and leaf 2 DPI, and 72 between root and leaf 4 DPI (Figure 5B). Interest-
ingly, 15 Bd genes were upregulated in all setups, including defense-related ABC transporter
(BdiBd21-3.3G0465100.1), anthranilate synthase component II (BdiBd21-3.5G0159100.1), protein
kinase xa21 (BdiBd21-3.3G0144800.1) and secologanin synthase-like (BdiBd21-3.2G0563800.1)
(Table 2).

Figure 5. Venn diagram of differentially expressed B. distachyon and M. oryzae genes. Significantly (A)
downregulated (fold change (FC) < 0 padj < 0.05) and (B) upregulated (FC > 0 padj < 0.05) Bd genes
shared between setups. Significantly (C) downregulated (FC < 0 padj < 0.05) and (D) upregulated
(FC > 0 padj < 0.05) Mo genes shared between setups (“Leaf 2 DPI”, “Leaf 4 DPI” and “Root”).
Transcript downregulation was calculated from mRNAseq data with DESeq2.
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Table 2. Selected defense-related Bd DEGs (padj < 0.05) during infection of leaves and roots by M. oryzae.

Gene Description Log2FC-
Leaf 2 DPI

Log2FC-
Leaf 4 DPI

Log2FC-
Root

BdiBd21-3.3G0465100 ABC transporter a family member 2-like 1.15 3.38 0.79

BdiBd21-3.3G0464900 ABC transporter a family member 7-like 2.64 0.71

BdiBd21-3.2G0605400 ABC transporter b family member 4-like 2.15 5.08

BdiBd21-3.2G0550500 Pleiotropic drug resistance protein 3-like 1.78 6.82 1.51

BdiBd21-3.5G0159100 Anthranilate synthase component ii 0.76 2.75 0.88

BdiBd21-3.3G0344500 Chitinase 1 2.70

BdiBd21-3.2G0371800 Cytochrome p450 71c4 1.32 2.12

BdiBd21-3.1G0952300 Disease resistance response 2.07

BdiBd21-3.3G0144800 Protein kinase xa21 1.77 2.41 1.24

BdiBd21-3.2G0545400 LRR receptor-like serine threonine-protein kinase gso1 1.59 1.79

BdiBd21-3.2G0632400 Receptor-like protein kinase hsl1-like 3.15

BdiBd21-3.1G0713100 Proton-coupled amino acid transporter 3-like 0.85 1.97 0.97

BdiBd21-3.2G0114800 Pathogenesis related protein 1.34 1.25

BdiBd21-3.1G0165000 Pathogenesis-related protein 1 6.06 8.19

BdiBd21-3.4G0068000 Pathogenesis-related protein 10 3.47 3.75

BdiBd21-3.4G0043000 Pathogenesis-related protein 5 2.91

BdiBd21-3.1G0772600 Pathogenesis-related protein class i 5.29 4.47

BdiBd21-3.1G0772700 Pathogenesis-related protein prb1-2-like 3.41 6.42

BdiBd21-3.3G0422200 PR3-like 1 2.63

BdiBd21-3.3G0639500 PR3-like 2 3.96

BdiBd21-3.4G0025400 PR5-like 1.37

BdiBd21-3.2G0600500 PR5-like 2.28

BdiBd21-3.1G0875700 Pathogenesis-related protein Bet v I family 2.14

BdiBd21-3.1G0054700 NAC1 transcription factor 2.49

BdiBd21-3.3G0652700 MYB-related protein myb4-like 3.33

BdiBd21-3.2G0688100 Probable WRKY transcription factor 33-like 2.69

BdiBd21-3.2G0615100 Probable WRKY transcription factor 51-like 1.45 3.44

BdiBd21-3.3G0669400 Ethylene-responsive transcription factor 1a 2.16

BdiBd21-3.4G0171000 Multicopper oxidase family expressed 4.35 9.93 2.35

BdiBd21-3.4G0387000 Cationic peroxidase spc4-like 3.17 3.72

BdiBd21-3.1G0233900 Peroxidase 2.11

BdiBd21-3.2G0563800 Secologanin synthase-like 0.57 0.54 1.08

In total, we found 2135 Mo DEGs (Wald test, Benjamini–Hochberg adjustment, padj
< 0.05) in leaves at 2 DPI (1041 up and 1094 down), 3186 DEGs at 4 DPI (1710 up and
1476 down) and 1000 DEGs in infected roots (673 up and 327 down) (Figure 4; Table 1;
Figure S5). A notable overlap of fungal DEGs was detected between the two foliar infec-
tions, with 346 up- and 498 downregulated genes shared, compared to 220 up- and 172
downregulated DEGs shared between leaf 2 DPI and root infection, and 498 up- and 203
downregulated DEGs shared between leaf 4 DPI and root infection. Overall, 142 genes were
significantly downregulated in all setups, while 168 were consistently upregulated in all
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samples, including genes involved in fungal development, metabolism and pathogenicity
(Figure 5C,D).

Expression of DCL and AGO genes was assessed in both organisms in leaves and
roots, which showed that BdDCL1 and MoDCL2 had the highest expression among the
DCL family, and BdAGO3 and MoAGO3 among the AGO family (Figure 6).
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Figure 6. Expression of predicted ARGONAUTE (AGO) and DICER-like (DCL) during the interaction
of B. distachyon and M. oryzae from mRNAseq results. Normalized read counts of each RNAi
component were retrieved from DESeq2 analyses of infected datasets: leaf 2 DPI (white), leaf 4 DPI
(grey) and root (black).

Interestingly, BdAGO9, which is the closest homolog to AtAGO1 [35], was detected
expressed in all three setups and had the highest read count of the AtAGO1-like clade.
Moreover, BdAGO1, BdAGO5 and BdAGO15 were only expressed in the root samples,
while BdAGO4, BdAGO7, BdAGO11, BdDCL3a and BdDCL4 were not detected in any of
the datasets. Finally, the majority of DCL and AGO genes were not differentially regulated
during the infection, with the exception of BdDCL3b and BdAGO3 (minor downregulation;
>−1 log2FC) and BdDCL1-2a and MoAGO3 (minor upregulation; <1 log2FC) (Table S4).

2.3. Gene Ontology Enrichment (GOE) and Defense-Related Gene Expression in Mo-Infected Bd

GOE analysis using AgriGO v2 was performed on all Bd DEGs identified in leaves
and roots by mRNAseq. In all three datasets, GO:0003824 (catalytic activity), GO:0016491
(oxidoreductase activity) and GO:0044710 (single-organism metabolic process) were en-
riched (Table S5). The highest number of Gene Ontology (GO) terms enrichment—in
particular those related to various cellular metabolic processes—was recorded in leaves at
4 DPI, which corresponds to the necrotrophic fungal growth phase (Figure S6). Consistent
with the extensive metabolic reprogramming highlighted in the GOE analysis, the highest
number of DEGs also was observed in these samples. Specifically, we detected significant
upregulation of known Bd defense response genes such as pathogenesis-related 1 (PR1), PR3
and PR5, receptor-like protein kinases and Myb and WRKY transcription factors (Table 2).
Only minor overlap was observed between defense-related genes expression patterns in
the leaf 2 DPI and root samples. Three predicted PR proteins were upregulated in both 4
DPI and root setups, including PR10 and PRB1-2 (log2FC > 3 in both, while not induced at
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2 DPI) and two were found significantly upregulated in the two foliar datasets, including
PR1 (with a log2FC > 6 in these datasets and not induced in the roots).

2.4. GOE and Gene Expression in Mo during Bd Infection

Next, significantly up- and downregulated Mo genes were subjected to GOE analysis,
showing the highest number of enriched GO terms in the root samples, including several
terms relating to the interaction with the host (Table S6; Figure S7). Overall, many infection-
related genes were significantly upregulated, including effectors AVR Pita1 and PWL2
(Pathogenicity toward Weeping Lovegrass) and NOXs (superoxide-generating NADPH oxidases)
(Table 3).

Table 3. Selected significantly (padj < 0.05) upregulated pathogenicity-/virulence-related M. oryzae genes during B. distachyon
leaves and roots infection.

Gene Stable ID Description Log2FC-
Leaf 2 DPI

Log2FC-
Leaf 4 DPI

Log2FC-
Root

MGG_00750 Cytochrome b-245 heavychain subunit beta 2.23 2.12 2.80

MGG_01081 Peroxin 14/17 1.05

MGG_01092 Homocitrate synthase 1.35

MGG_01748 Putative protease 1.28

MGG_02074 Potassium/sodium efflux P-type ATPase 1.28 2.55

MGG_03356 Ricin B lectin:Parallel beta-helix 7.08 5.06

MGG_04202 MAS3 protein 2.27 2.75

MGG_04212 L-ornithine 5-monooxygenase 2.81 3.46 3.17

MGG_04301 Pwl2 protein (PWL2) gene 8.53

MGG_04545 Cytochrome c peroxidase, mitochondrial 3.26 0.95

MGG_06011 S-(Hydroxymethyl)glutathione dehydrogenase 2.53

MGG_06648 Hsp70 (LHS1) gene 1.25

MGG_07514 3-oxoacyl-[acyl-carrier-protein] reductase 1.49

MGG_07971 Calcium-transporting ATPase 1 1.80

MGG_08315 1-phosphatidylinositol-4,5-bisphosphate
phosphodiesterase delta-1 8.83 7.94

MGG_08409 Cellulose-growth-specific protein 3.78

MGG_09022 Transmembrane CFEM domain-containing protein 5.41 7.42 7.88

MGG_09559 Autophagy-related protein 9 1.07

MGG_09956 PRO41 protein 1.93 1.91 2.62

MGG_10097 Intracellular hyphae protein 1 5.42

MGG_10510 Ribonuclease T2 3.90

MGG_10730 Potassium/sodium efflux P-type ATPase 4.75

MGG_11882 Sensor protein zRas 1.60 3.15

MGG_11899 SH3 domain-containing protein 1.93 1.52

MGG_15370 Metalloproteinase 11.86

MGG_15972 AVR-pik/pikm/pikp 14.63 6.33

2.5. sRNA Reprogramming in Bd and Mo at Early Infection Stages

We assessed the expression of sRNAs in the same biological material utilized for
mRNAseq. Before high-throughput next generation sequencing (NGS), multiplexed sRNA
libraries were size selected for 15 to 35 nt fragments (140–160 nt including TruSeq adapters).
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Single end sequencing on Illumina HiSeq1500 platform generated between 22 million
(mil) and 38 mil reads each (Table S7). Quality check of raw reads was performed with
FastQC, adapters were removed with cutadapt and reads were size selected between 18
to 32 nt. The organism of origin of the trimmed reads was predicted by mapping via
Bowtie alignments to both Bd21-3 and Mo 70-15 genomes [44] (Bd21-3 v1.1 DOE-JGI,
http://phytozome.jgi.doe.gov/). Ambiguous reads that could not be assigned to the
organism of origin with high confidence were excluded to avoid miscalling. As expected,
most reads in Mo-infected samples were assigned to Bd (with 100% match) and not to the
fungus (with at least two nucleotide mismatches) (Table S7). Size distribution of genome
matched unique sRNA reads followed a similar trend throughout samples, with the Mo
reads showing a minor peak around 20 nt and Bd reads a considerable peak at 24 nt
(Figure 7A,B). Fungal unique sRNA reads were then compared among datasets derived
from Mo axenic culture and Mo-infected plant tissues and classified as either exclusive or
shared between samples (Figure 8A). Some 5708 Mo-sRNAs were identified in Mo-infected
roots, of which 3263 (57.15%) were found exclusively in the infected sample and not in
the axenic culture. A total of 7215 Mo-sRNAs were identified in infected leaves during
the biotrophic phase (2 DPI), of which 4399 (60.97%) were found exclusively in infected
samples. Finally, a total of 63,017 were found in infected leaf tissue during the necrotrophic
phase (4 DPI), of which 46,212 (73.33%) were exclusively found in infected samples.
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Figure 7. Size distribution of unique sRNA reads in the interaction of M. oryzae and B. distachyon.
Relative size distribution (in percentage) of unique filtered sRNA reads assigned to (A) Mo or
(B) Bd. Reads were assigned to either Mo or Bd only if aligning 100% to the organism of origin
genome and had at least two mismatches to the interacting organism genome. (C,D) Relative size
distribution of unique filtered sRNA reads assigned to (C) Mo or (D) Bd and induced or increased
in infected samples compared to controls (i.e., axenic fungal cultures and non-inoculated plants,
respectively). Samples for sRNA sequencing by Illumina HiSeq1500 were taken from different setups:
leaf biotrophic phase (“2 DPI”), leaf necrotrophic phase (“4 DPI”) and root (“root”).

Next, we compared unique Bd-sRNA reads in leaf and root samples from Mo-infected
and mock-treated Bd (Figure 8B). A large number of sRNAs were found in infected tissues:
571,644 in leaves at 2 DPI, of which 326,657 (72.24%) were specific for infection; 415,469
at 4 DPI, of which 265,172 (69.06%) were specific for infection; and 597,158 Bd-sRNAs in
infected roots, of which 346,259 (77.92%) were specific for infection. These data show that
the majority of unique sRNAs of both interacting organisms are expressed exclusively
during the interaction, suggesting that they are relevant to the establishment and outcome
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of the disease. We further selected unique Bd-sRNAs that (i.) were either found exclusively
in infected plant tissues or (ii.) showed higher reads in infected vs. mock-inoculated tissue.
Interestingly, the size distribution of these induced Bd-sRNA did not show a change in
length preference compared to the total unique reads (Figure 7C,D).
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Figure 8. Venn diagrams of unique filtered sRNAs reads from M. oryzae and B. distachyon. (A) Venn
diagram of Mo sRNA reads (18–32 nt) from axenic culture and Mo-infected Bd leaves (2 DPI, 4 DPI)
and roots (4 DPI). (B) Venn diagram of Bd sRNA reads (18–32 nt) in non-infected and Mo-infected
Bd leaves.

2.6. Infection-Related Bd miRNAs

Filtered Bd-sRNA reads were analyzed with Shortstack 3.8.5 to identify infection-
related upregulation of potential plant miRNAs. The program identified 14 putative
miRNA-generating loci in leaves at 2 DPI, 15 at 4 DPI and 16 in the roots. Matching
predicted miRNA generating clusters in the uninfected samples were identified via their
genomic coordinates, and numbers of total reads per cluster were compared between
infected and uninfected samples to select exclusively expressed or upregulated miRNA loci.
The selected clusters’ sequences were aligned to known Bd miRNA stem loop precursor
sequences obtained from the miRBase database: three known miRNAs were upregulated
in leaves at 2 DPI, six at 4 DPI and four in the roots (Table 4). Structures of the miRNA
precursors are shown in Figure S8.
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Table 4. B. distachyon miRNA identification.

Setup Cluster Number miRNA Cluster RPM Mature miRNA Name

Leaf
2 DPI

3086 Bdi-miR159b 118.27
miR159b-3p.2

miR159b-3p.1

3421 Bdi-MIR531 15.03 MIR531

6495 Bdi-MIR156b 2.61 miR156b-3p

7687 Bdi-miR9481b 19.12
miR9481b -5p

miR9481b-3p

Leaf
4 DPI

7744 Bdi-MIR156h 13.79 MIR156h-5p

3312 Bdi-MIR159b 184.31

miR159b-3p.1

miR159b-3p.2

miR159b-5p.1

miR159b-5p.2

3162 Bdi-MIR171d 0.58 MIR171d-3p

7470 Bdi-MIR529 30.80 MIR529-5p

2384 Bdi-miR7723a 13.02 miR7723a-3p

10592 Bdi-MIR156d 8.31 MIR156d-5p

Root

8229 Bdi-MIR156i 2.87
MIR156i-5p

MIR156i -3p

5121 Bdi-MIR168 310.27 MIR168-5p

9081 Bdi-MIR156d 1.15 miR156d-5p

4330 bdi-MIR9484 3.90 MIR9484
miRNA-generating clusters were identified with Shortstack in all datasets. Genomic coordinates were used to
detect and compare the same loci in infected and control samples, and only clusters exclusive or increased in
the infected samples were selected. Clusters and mature miRNAs were compared to known miRNA/miRNA
precursor from miRBase. Abbreviation: RPM = reads per million.

2.7. In Silico Prediction of Mo-sRNA Targeting Bd Transcripts

sRNAs that were either exclusively produced or increased in infected tissues and had
a normalized read count of at least five reads per million (RPM) were further investigated.
Induced 20–22 nt sRNAs originating from non-coding regions of the Mo 70-15 genome
(Figure 9) were selected as candidate cross-kingdom effectors with potential targets in the
Bd transcriptome. Target prediction for these Mo-sRNAs was performed with psRNATarget
using modified settings and a default score cut-off of 5.0. Target prediction data were then
compared with the DEGs information derived from the concomitant mRNA sequencing.
Of the total downregulated Bd transcripts, five were predicted to be targeted by Mo-sRNAs
in the leaf 2 DPI setup, 1128 in the 4 DPI setup and 10 in the root (Table 5), with only
one target shared between the root and the leaf 4 DPI datasets (Figure 10A). Predicted
plant targets in leaves (4 DPI) included transcription factors such as transcriptional regulator
algH, myb-related protein Zm38 and NIGTH1, along with aquaporin transporters and RNA
helicases, including the putative BdDCL3b (BdiBd21-3.2G0305700), along with resistance
genes RGA3 (BdiBd21-3.2G0771500.1), RGA4 (BdiBd21-3.3G0396200.1) and RPP13-like
protein 3 (BdiBd21-3.3G0776700.1) (Table 6).
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Figure 10. Venn diagram of downregulated predicted RNAi targets in M. oryzae and B. distachyon.
Significantly downregulated (FC < 0 padj < 0.05) (A) Bd mRNA targets with complementarity to
putative Mo sRNAs effectors shared between setups. (B) Mo mRNA targets with complementarity to
putative Bd sRNA effectors. Setups: Leaf biotrophic phase (2 DPI) Leaf necrotrophic phase (4 DPI),
and root. Transcript downregulation was assessed from mRNAseq data with DESeq2.

Table 5. Overview of the number of predicted cross-kingdom sRNA candidates (20–22 nt) and their corresponding target
mRNAs after target downregulation confirmation (FC < 0, padj < 0.05).

Setup
Number of

sRNA
Candidates

Number of sRNA
Candidates with
Downregulated

Targets

Number of
Targets

Predicted

Number of
Targets Down-

regulated

Mo sRNAs Leaf 2 DPI 604 7 25106 5 Bd mRNAs

Leaf 4 DPI 546 490 25415 1128

Root 394 14 17335 10

Bd sRNAs Leaf 2 DPI 424 314 4621 484 Mo mRNAs

Leaf 4 DPI 302 236 4431 527

Root 681 263 6730 183
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2.8. In Silico Prediction of Bd-sRNAs Targeting Mo Transcripts

Given that plant-derived sRNAs can move into fungal pathogens during fungal
infections [39,40], we further explored the possibility that Bd-sRNAs have corresponding
downregulated Mo transcripts. In total, 20–22 nt Bd-sRNAs (Figure 9) that (i.) originate
from the non-coding regions of the Bd21-3 genome, and (ii.) show a higher read count
in the Mo-infected compared to non-infected sample were selected. We found 424, 302
and 681 Bd-sRNA in leaves at 2 DPI and 4 DPI and in roots, respectively, with predicted
targets in the Mo transcriptome (Table 5). In the next step, we selected for targets found
downregulated in the mRNAseq analysis, which further reduced the predicted Mo ck-
sRNAs to 314 in leaves at 2 DPI, 236 at 4 DPI and 263 in roots, respectively, corresponding
to potentially targeted mRNAs downregulated in leaves at 2 DPI (484), 4 DPI (527) and
roots (183) (Table 5). Downregulated Mo targets include cell wall-related genes such as
chitin deacetylase 1 (MGG_05023), cell wall protein MGG_09460 and virulence genes, such as
CAP20 (MGG_11916) (Table 7). By comparing predicted Mo targets in infected tissues, we
found a considerable overlap between leaf and root samples (42 Mo mRNAs) and between
the two leaf samples (140 Mo mRNAs) (Table 7; Figure 10B).

Table 7. Selected M. oryzae mRNA targets of predicted cross-kingdom B. distachyon sRNAs from leaf and root setups.

Predicted Target
Target

ID
Target

Description

Log2FC

Leaf 2
DPI

Leaf
4 DPI Root Leaf

2 DPI
Leaf

4 DPI Root

X X X MGG_02127 alcohol oxidase −5.46 −2.53 −3.11

X X X MGG_02695 cysteine proteinase 1 −4.72 −1.35 −2.46

X X X MGG_06494 D-arabinitol 2-dehydrogenase −5.52 −1.16 −3.21

X X X MGG_01386 FAD dependent oxidoreductase
superfamily protein −5.19 −2.16 −4.51

X X X MGG_05981 glutamine amidotransferase subunit
pdxT −4.79 −2.34 −4.25

X X X MGG_10400 GPI-anchored cell wall
beta−1,3-endoglucanase EglC −0.99 −2.05 −2.11

X X X MGG_01361 PHO85 cyclin-1 −5.81 −1.27 −2.85

X MGG_15576 DNA repair protein rhp51 n.s. −1.05 n.s.

X MGG_03587 essential for mitotic growth 1 n.s. −0.60 n.s.

X X MGG_04345 cytochrome P450 17A1 −4.40 −1.06 n.s.

X X MGG_03201 acetyl-coenzyme A synthetase −1.39 0.86 −1.84

X MGG_09950 C2H2 type zinc finger
domain-containing protein n.s. −1.49 n.s.

X X MGG_16901 ATP-dependent RNA helicase DBP2 n.s. −1.04 −1.18

X X X MGG_07667 autophagy-related protein 17 −2.45 −1.33 n.s.

X X X MGG_01391 ent-kaurene oxidase −3.90 −2.44 n.s.

X X X MGG_11962 G-protein coupled receptor −5.75 −3.42 n.s.

X X X MGG_04378 integral membrane protein −3.99 −1.04 n.s.

X X X MGG_04935 integral membrane protein −3.58 −1.40 n.s.

X X X MGG_03123 MATE efflux family protein subfamily −4.68 −1.11 n.s.

X X X MGG_14872 calpain-9 −4.19 −1.17 n.s.
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Table 7. Cont.

Predicted Target
Target

ID
Target

Description

Log2FC

Leaf 2
DPI

Leaf
4 DPI Root Leaf

2 DPI
Leaf

4 DPI Root

X X X MGG_09460 cell wall protein −4.72 −3.92 n.s.

X X X MGG_03186 1,4-alpha-glucan-branching enzyme −1.52 n.s. −1.36

X X X MGG_14154 RETRO5, retrotransposons MoTeR1s
and MoTeR2 −6.04 −1.15 n.s.

X X MGG_06393 serine/threonine-protein kinase ATG1 −3.24 n.s. n.s.

X X MGG_04938 C-3 sterol dehydrogenase/C-4
decarboxylase n.s. −1.85 n.s.

X X X MGG_10568 sterol 24-C-methyltransferase n.s. n.s. −1.24

X X MGG_06371 pyruvate dehydrogenase E1
component subunit alpha n.s. n.s. −1.75

X is assigned if the gene is predicted to be targeted by candidate sRNA in the corresponding setup. Abbreviations: FC = fold change;
n.s. = not significant.

We searched the Pathogen-Host Interactions Database (PHI-base) for available infor-
mation on loss-of-virulence mutants for the predicted Mo target genes. A list of down-
regulated predicted Mo targets and corresponding PHI-base phenotypes is shown in
Table 8. Of note, the predicted Mo genes are involved in virulence and pathogenicity,
including CON7 transcription factor (MGG_05287) predicted to be targeted in the Mo-
infected root, the effector AvrPiz-t (MGG_09055) predicted to be targeted in the leaf at
4 DPI and the vacuolar glucoamylase SGA1 (MGG_01096) predicted to be targeted in the
leaf at 2 DPI. Additionally, potential targets shared between more than one setup included
(MGG_00620), Sso1 (MGG_04090) encoding a SNARE protein and YHM2 (MGG_07201)
encoding mitochondrial DNA replication protein (2 DPI leaf vs. root), as well as MoATG17
(MGG_07667) encoding an autophagy-related protein (biotrophic vs. necrotrophic leaves),
whose respective mutants are also known to be compromised in pathogenicity [45,46]
(Tables 7 and 8).
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3. Discussion

Based on the work done to elucidate the function and 3D structure of Brachypodium dis-
tachyon AGO and DCL proteins published by Šečić et al. [35], we set out to investigate these
RNAi machinery components in Magnaporthe oryzae. Mo has being extensively studied as
a model for RNAi in fungi, and it is known to encode three AGOs, two DCLs and three
RdRPs [25,26]. Interestingly, while the phylogeny with other fungal RNAi machineries
such as N. crassa, Mucor circinelloides, Cryphonectria parasitica and Schizosaccharomyces pombe
and the domain conservation have been reported, we found no information regarding the
proteins’ predicted interactome, subcellular localization and 3D protein structures, which
would help elucidate the function and relevance of these proteins in vivo. We confirmed
that all three fungal AGOs have the characteristic PAZ (Piwi Argonaut and Zwille) and
PIWI (P-element Induced WImpy testis) domains: the first is involved in the recognition
of the 3′ end of the guide sRNA molecule [47], while the second is an RNase H domain
that confers AGOs the ability to cleave single-stranded RNAs complementary to the guide
sRNA sequence [48]. A closer look at the PIWI domains via MSA confirmed the conser-
vation of both the QF-V motif, involved in the sorting of sRNAs based on their sequence
and secondary structure [49] and the DEDD catalytic tetrad, critical for the protein ‘slicer’
activity [48]. Similar to NcDCLs, both MoDCLs lacked predicted PAZ domain but differed
from the N. crassa ortholog showing predicted dicer-dimer domains and lacking predicted
dsRNA-specific ribonuclease and ds-RNA binding (DSRM) domains [27]. At this point of
the analysis, no major differences were recorded among either Mo protein families, which
would help elucidate the differences in both sRNA production and virulence reported
in the RNAi KO mutants by Raman et al. [50]. Interestingly, protein subcellular localiza-
tion helped shed additional light on MoAGO3 and MoDCL2 non-redundant roles within
their families, with MoAGO3 predicted to localize exclusively in the nucleus, compared
to MoAGO1, predicted in both the nucleus and the cytosol, and MoAGO2, predicted
to localize in the cytosol and plastid. Moreover, we predicted MoDCL2 to exclusively
localize in the cytosol, while MoDCL1 in the nucleus, confirming the distinct roles for
these proteins in contrast with their redundant function N. crassa [51]. Additionally, pre-
dicted interactomes of MoAGOs showed significant differences between MoAGO1 vs.
MoAGO2 and MoAGO3, which would point to a unique role of this protein. Specifically,
the predicted interaction with an ATP-dependent RNA helicase DED1 (MGG_02762) and a
Pumilio-family RNA-binding repeat protein (MGG_03158) would suggest a unique role
for MoAGO1 in translation regulation [52,53]. KO mutants of these RNAi components
have been previously characterized both for their sRNA accumulation patterns and their
virulence on barley [27,50]. Except for ∆moago3, which did not sporulate and could not
be further utilized, we tested the morphology and virulence of the available mutants in
our newly established Bd pathosystems. While all five RNAi mutants showed unaltered
growth, morphology and conidiation in axenic cultures, we detected significant differences
in their ability to infect Bd tissues. Interaction between plants and its host pathogen is a
dynamic system, influenced by several genetic and environmental factors which may alter
the course of the infection and its reproducibility. The inoculation method proved to be
critical for the assessment of virulence alterations, with the drop inoculation on detached
leaves resulting in the most stable assay, and the spray on whole seedlings resulting in
the most extreme phenotypes, with ∆modcl2 and ∆modcl1/2 showing a complete loss of
pathogenicity. These results both confirm and expand the key role of MoDCL2 first hy-
pothesized by Raman and colleagues in a variety of fungal biological processes, including:
sRNA biogenesis, fungal development and, as shown here, fungal virulence [27,50]. The
reduction of virulence observed among RNAi mutants throughout the different setups
further substantiate the importance of a fully functioning fungal silencing machinery and
sRNAs generated for a successful infection of Bd tissues.

GOE analysis of Mo DEGs highlighted an enrichment of terms mainly related to
fungal growth and development in all infected tissues. Especially in the root GO, terms
related to interactions with other organisms, particularly via protein secretion, were found
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overrepresented. By assessing expression of protein effectors, we confirmed upregulation
of known avirulence genes, including AVR Pita1 (coding for a metalloprotease) and PWL2
(a glycine-rich protein recognized by weeping lovegrass and finger millet R proteins),
both found highly upregulated in the foliar biotrophic phase (2 DPI), and Avr-Pik/km/kp,
upregulated at 2 and 4 DPI.

Genes involved in appressorium and penetration peg functionality were upregulated
in all three setups, including WISH (Water wettability, Infection, Surface sensing and
Hyper-conidiation) G-protein coupled receptor protein, whose KO renders the fungus
unable to develop appressoria and establishes the infection on intact rice leaves [54] and
superoxide-generating NADPH oxidases NOX1 (MGG_00750) and NoxD (MGG_09956).
NOX1 is involved in cell wall biogenesis, affecting both chitin and melanin biosynthesis and
deposition. KO of this gene resulted in a complete loss of appressorium-mediated cuticle
penetration and failure of in planta proliferation even when inoculated onto wounded
rice seedlings [55]. Similar defects were detected in rice leaves and roots inoculated with
∆noxD [56], confirming the key role played by NOX proteins not only in growth and
sexual reproduction, but also in fungal virulence. PLC3, significantly upregulated at both
timepoints in leaves, is also required for normal conidiation and appressorium function,
but contrary to NOXs normal infection was observed when ∆moplc3 was inoculated by
infiltration into wounded rice leaves, excluding a function of PLC3 in fungal growth
once inside host cells [57]. As expected, we detected in the later timepoint of the leaf
infection (4 DPI) upregulation of genes known to be required for infection maintenance and
expansion. One of these genes, S-(hydroxymethyl) glutathione dehydrogenase (MGG_06011),
was exclusively upregulated in the 4 DPI dataset and it is known to be involved in the
growth of infectious hyphae on barley leaves [58].

Overall, our analysis shows that Mo undergoes an extensive reprogramming during
the establishment and maintenance of the infection and highlights the commonalities and
differences in expression patterns depending on the inoculated tissue and the progression
of the colonization. Of note and consistent with the detection of necrotrophic lesions
on Bd roots (Figure S4), fungal reprogramming during the root infection is closer to the
one reported in the foliar necrotrophic phase (with 701 DEGs shared between the setups)
compared to the biotrophic phase (only 392 DEGs shared between the setups).

mRNA sequencing of Mo-infected and non-infected Bd leaves and root samples
allowed for a systemic analysis and comparison of expression pattern alterations of Bd
genes in response to the fungal pathogen. As predicted, the highest amount of DEGs was
observed at 4 DPI in leaves, when the infection is spreading outside of the inoculation
point and the fungus has switched to a more aggressive necrotrophic lifestyle [5,12,59]. The
relatively low amount of DEGs in the other two setups is consistent with the early infection
stages and the limited amount of fungal biomass both in the root and at 2 DPI in leaves.
Interestingly, in all three setups the percentage of upregulated DEGs was higher compared
to downregulated DEGS, with 96% upregulated in leaves at 2 DPI, 60.7% at 4 DPI and 69.5%
in the roots, indicating an overall strong induction of gene expression. Consistent with the
highest numbers of DEGs detected at 4 DPI, most GO terms reported in Table S5 belong
to this dataset, with terms related to metabolic and biosynthetic processes being the most
prevalent. Interestingly, all datasets had enriched terms related to oxidoreductase activities
(GO:001649) confirmed also by the upregulation of BdiBd21-3.4G0171000, coding for a
multicopper oxidase, in all setups, and BdiBd21-3.1G0233800 and BdiBd21-3.1G0233900,
coding for peroxidases, in the leaf 4 DPI datasets. Peroxidases are commonly associated
with plant responses to stress and specifically fungal infection, as they are involved in
a variety of processes including the synthesis of phenols such as tannins and melanins,
reactive oxygen species (ROS) removal, lignin biosynthesis and induction of defense
responses by stimulating intracellular Ca2+ signaling [60]. Another gene upregulated in
all three setups is secologanin synthase-like (BdiBd21-3.2G0563800), encoding an enzyme
involved in the biosynthesis of monoterpenoid indole alkaloids (MIAs), also reported
upregulated in Bd following F. pseudograminearum infection [61]. Expression of other
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defense-related genes was induced in one or more of our datasets, including known
pathogenesis-related proteins, receptor kinases, transcription factors and ABC transporters.
Once again, 2 DPI and root samples were found overlapping in only a few of these
genes. Examples of genes consistently found upregulated in all three setups are BdiBd21-
3.3G0144800, encoding a protein kinase xa21 which confers resistance to Xanthomonas oryzae
pv. oryzae race 6 [62], an ABC transporter A family member 2-like (BdiBd21-3.3G0465100) and
the pleiotropic drug resistance protein 3-like (BdiBd21-3.2G0550500).

Interestingly, all PR genes shown in Table 5 were upregulated in leaves at 4 DPI,
while leaf 2 DPI and root PR protein expression patterns did not overlap, with only two
(PR-like and PR1-like) upregulated at 2 DPI, and three (two PR1-like and PR10) in the root
datasets. Similarly, the strongest and most widespread upregulation in the other pathogen
sensing/defense-related genes was observed at 4 DPI, with an upregulation of transcription
factors belonging to MYB, WRKY and NAC families consistent with the upregulation
observed in Bd after F. pseudograminearum infection [61], and the knowledge that these
families regulate a variety of plant responses, including those to biotic stresses [63–65]. In
line with the considerable overlap in Mo gene expression patterns between leaf 4 DPI and
root datasets, the majority of genes found upregulated in Bd roots (80.9%) are also detected
upregulated in leaves at 4 DPI, compared to 18% shared with the 2 DPI sample. Altogether,
these results highlight differences in the upregulation of specific protein family members
depending on the infected tissue and fungal lifestyle, while confirming the relevance of
these families in response to Mo infections.

Candidate Bd miRNA-generating loci were identified with Shortstack from both
control and infected filtered sRNA datasets. Given that the program-assigned cluster IDs
are specific to the dataset analyzed and are not comparable between different files, we
compared clusters based on their genomic coordinates, and further analyzed loci from
the infected sample that had higher RPM (reads per million) than in control, or that were
found exclusively in the presence of Mo. This resulted in the identification of 12 miRNA
stem loop precursor sequences and 17 mature miRNAs across setups.

Specifically, we identified five mature miRNAs belonging to the MIR156 family, shown
to be induced by F. oxysporum in Persicaria minor [66] and known to be induced by environ-
mental stress, resulting in the cleavage of a SPL (SQUAMOSA promoter binding protein-
like) transcription factor and overall modulation of anthocyanin biosynthesis [34,67]. Bd-
MIR529, also predicted to target this gene, was found upregulated at 4 DPI in our datasets.
Another miRNA involved in the plant response to abiotic stress is miR159b, found up-
regulated during Mo leaf infection both at 2 and 4 DPI, and known to target two MYB
transcription factors in cucumber (CsGAMYB1 and CsMYB29-like), involved in ABA signal-
ing [68]. Finally, four additional miRNA families were detected as induced by Mo infection
(MIR9484, miR9481b, MIR531 and miR7723a).

To establish the origin of the sRNA reads detected in the different leaf and root setups
of the Mo—-Bd interaction, sRNAseq datasets from infected samples were aligned to
both the Bd 21-3 and the Mo 70-15 genome. Only reads aligning without mismatches to
Mo and with at least two mismatches to Bd were assigned to the fungus and vice-versa,
only reads aligning without mismatches to Bd and with at least two mismatches to Mo
were assigned to the plant. As expected from the low amount of Mo in infected samples
from leaves at 2 DPI, most of the reads were assigned to Bd, whereas higher levels of Mo
reads were detected at 4 DPI (leaf) consistent with proliferating infection. All assigned
reads were then filtered based on their read counts to select only reads either induced or
upregulated in the datasets of infected tissues compared to uninfected tissues and axenic
mycelia. We noted that most of the reads (>50%) found in infected samples are specific
and are not detected in healthy tissues and axenic culture, showing that sRNA production
both in the plant and the fungus is strongly responsive to infection. It follows that sRNA
datasets from healthy plants and axenic fungal culture do not represent the full diversity of
infection-related sRNA communities. As an additional step, we selected for sRNAs that
were not aligning to the coding sequences of the organism of origin. The reasoning behind
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this filtering step is that we avoided accidental mRNA degradation to be kept as candidate
ck-sRNAs, and more important, removed the sRNA sequences more likely to play an
endogenous role. Given that the size distribution of upregulated/induced sRNA reads
did not show variation in peaks compared to the total sRNA reads, we decided to select
20–22 nt sRNAs (canonical length range for PTGS) for further analysis. Target prediction
was carried out with psRNATarget, a web-based prediction software specifically designed
for plant sRNA investigations, which allowed for the identification of complementary
mRNA sequences in the interacting organism. In PTGS, sRNAs are loaded onto AGO
proteins, which guide them towards a complementary mRNA sequence that will then be
degraded or sequestered, resulting in reduced levels of the encoded protein. Knowing the
expression levels of the predicted targets from the same biological samples used for the
sRNA sequencing, we proceeded with further selection of candidate ck-sRNAs based on
the significant downregulation of their mRNA targets. Most of the predicted Mo sRNA
effectors in the 2 DPI leaf (biotrophic phase) and root samples did not pass this filtering
step, as their predicted targets were either upregulated or had comparable expression
levels in the corresponding control datasets. There are a few possible explanations as
to why the potential targets would not be significantly downregulated in our mRNAseq
datasets, including: (i.) the sRNA has not yet been transported throughout the tissue, so
the downregulation occurs only at the penetration site, where the fungus is physically
interacting with the plant cells, and that is masked by the upregulation in distal parts
of the tissue; (ii.) the target mRNA is not cleaved, but its translation is inhibited by the
RISC complex acting as a physical barrier, in which case the measurable effect would
not be at the mRNA level but only at the protein level; and (iii.) the target is indeed
cleaved, but concurrently with the downregulating effect of the sRNA, there is a stronger
endogenous upregulation of the gene, leading to either similar levels of mRNA as the
control, or even higher.

Comparison of lists with predicted fungal mRNA targets of Bd-sRNAs between the
different setups highlights substantial target conservation between the leaf biotrophic and
necrotrophic phases, with 140 predicted shared Mo targets between the two, and 42 Mo
targets conserved among all three setups. Subjecting the shortlisted predicted fungal target
genes to a PHI-base survey for mutations in Mo with lethal or detrimental outcome, we
found a clear indication for a reduction in pathogenicity or loss of virulence in respective
KO mutants, including MoATG17 (MGG_07667), an autophagy-related protein whose KO
impaired appressorium formation and function, resulting in a complete lack of disease
symptoms on rice leaves [45]. Similarly, MoATG1 (MGG_06393) was also predicted to
be targeted by Bd sRNAs and downregulated at 2 DPI, with Mgatg1 mutant reported by
Liu et al. to be unable to infect rice and barley leaves [69]. Additionally, we predicted
sRNAs targeting the avirulence effector AvrPiz-t (MGG_09055). AvrPiz-t suppresses rice
PTI signaling pathway by targeting the E3 ubiquitin ligase APIP6 and suppressing its
ligase activity, resulting in reduced flg22-induced ROS generation and overall enhanced
susceptibility in vivo [70].

Interestingly, we detected Calpain-9 to be targeted in all three datasets and significantly
downregulated in the foliar ones, both at 2 and 4 DPI. While downregulation in the root
setup did not reach a significant padj value, targeting of this transcript would match the
finding in the cotton–V. dahliae pathosystem, where the host was found to be expressing
and exporting miRNAs to the infecting fungus to inhibit its virulence via the targeting of
Clp-1 [39].

Additional predicted targets included integral membrane proteins (MGG_04378T0,
MGG_04935T0), ergosterol biosynthesis enzymes (ERG6, MGG_10568T0; ERG26, MGG_
04938T0) and fungal cell wall related genes, such as GPI-anchored cell wall beta-1,3- endoglu-
canase EglC (MGG_10400T0, targeted and significantly downregulated in all three datasets),
cell wall protein MGG_09460T0 (targeted and significantly downregulated in both foliar
samples), chitin deacetylase (MGG_08774T0) and chitinase 1 (MGG_08054T0). Targeting
fungal membrane components and ergosterol homeostasis has already been proven to be a
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successful strategy in crop protection against fungal pathogens, both via the application
of DMI (sterol demethylation inhibitors) fungicides [71] and with the RNAi-based HIGS
(Host-Induced Gene Silencing) and SIGS (Spray Induced Gene Silencing) approaches,
where artificial sRNAs are introduced in the plant either via transformation or external
application is then transferred to the fungal cells during infection [72–74]. It is interesting
to observe how the plant appears to have naturally evolved to produce sRNAs potentially
able to target fungal essential and pathogenicity related genes. However, Mo is still able
to progress its infection both in Bd leaves and roots, and the most likely factors behind
this fungal success are the countermeasures it employs in this crosstalk, from the extensive
reprogramming of gene expression to the release of effectors and sRNAs.

To substantiate the hypothesis that fungal sRNAs function as effectors to aid the
establishment and maintenance of infection, we investigated the role of downregulated
Bd targets. Targeting conserved sequences, such as ribosome- and photosynthesis-related
ones, and hampering gene expression and biosynthetic processes would prove to be a more
effective strategy than specific defense/immunity genes, which are more prone to mutate
in the arms race between plants and pathogens.

We confirmed the targeting of a variety of RNA helicases genes, including BdDCL3b
(BdiBd21-3.2G0305700), identified in our recent work [35] and involved in the preprocessing
of sRNA precursor molecules involved in chromatin modification [75]. Specific plant targets
included gene families involved in the plant response to both biotic and abiotic stresses,
including hormone responsive proteins (BdiBd21-3.5G0286800.1, BdiBd21-3.4G0347500.1),
transcription factors such as members of the GATA bHLH families (BdiBd21-3.1G0507400.1,
BdiBd21-3.1G0170300.1), peroxidases (BdiBd21-3.3G0739100.1, BdiBd21-3.1G0796400.1,
BdiBd21-3.3G0559700.1), disease resistance proteins (BdiBd21-3.2G0771500.1, BdiBd21-
3.3G0396200.1) and ABC transporters (BdiBd21-3.5G0309700.1, BdiBd21-3.4G0207200.1,
BdiBd21-3.2G0019400.1) [61,63,76,77] Interestingly, Brachypodium aquaporins (BdiBd21-
3.5G0237900.1) were also downregulated and predicted targets of Mo sRNAs during the
infection, consistent with the knowledge that aquaporins play a role in the interaction
between plants and microbial pathogens, most likely by modulating both H2O availability
and transport of ROS [78].

Altogether, the prediction of Mo ck-sRNAs and corresponding Bd targets involved
in the plant response to biotic and abiotic stress paves the way for further validation of
predicted sRNA/mRNA interactions, including: (i.) proof of target cleavage via RACE or
degradome sequencing; (ii.) verification of sRNA–target interaction in transient expression
systems such as leaves of Nicotiana benthamiana; (iii.) mutational KO strategies of predicted
target genes and/or precursor loci of predicted ckRNAs; and (iv.) detection of direct
association of sRNAs or their target mRNA with the respective fungal or plant AGO1-like
protein by immunopurification techniques [79,80].

4. Materials and Methods
4.1. AGO and DCL Protein Analysis and 3D Structure Modeling

Known ARGONAUTE and DICER-like protein sequences were downloaded from the
NCBI database and analyzed following the workflow utilized for B. distachyon AGOs and
DCLs [35]. The phylogenetic analysis and tree rendering were done by the Phylogeny.fr
web server [81]. Multiple sequence alignment (MSA) of AGO PIWI domains was done us-
ing Clustal Omega [82,83] and visualized with the Mview multiple alignment viewer [84].
Protein domains were identified by using Simple Modular Architecture Research Tool
(SMART) including PFAM domains in the search [85,86] and visualized with the Illustrator
for Biological Sequences (IBS) online illustrator [87]. Prediction of protein location was
done using the plant subcellular localization integrative predictor (PSI) [88], and prediction
of the interactome was done using the STRING database [89], excluding text mining as
indication of putative interaction. Finally, AGOs and DCLs amino acid (aa) sequences were
utilized for predicting the proteins’ 3D structure utilizing SWISS-MODEL [90]. Predictions
were selected for further validations based on the GMQE and QMEAN Z-score values [91].
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PROCHECK [92,93] and WHATCHECK [94] were used to check the stereochemical quality
of the selected structures and calculate the Ramachandran Z-score [95]. Open-Source Py-
MOL (The Py-MOL Molecular Graphics System Version 2.4.0a0) was used for visualization
of the predicted structures [96].

4.2. Mo Mutants Cultivation and Inoculation

The Magnaporthe oryzae wild type Mo 70-15 and mutants ∆moago1, ∆moago2, ∆moago3,
∆modcl1, ∆modcl2 and ∆modcl1/2 obtained from N. Donofrio, Newark, NJ, USA, were
grown as described [12]. Conidia germination and appressoria development was assessed
by incubating conidial suspension (2 × 103 spores mL–1) in distilled water on poly-L-
lysine coated glass slides (Sigma-Aldrich, St. Louis, MO, USA) in a damp chamber at
room temperature for 24 h and examined via inverted microscopy. Fungal stock was
prepared on oatmeal agar (OMA) in a regime of 26 ◦C/24 ◦C (day/night cycle) and a
light intensity of 70 µmol m−2 s−1 photon flux density. Seeds of Brachypodium distachyon
cv. ’Bd21-3′ [97] were germinated in soil (Fruhstorfer Erde Typ T) and cultivated in a
growth chamber at 22 ◦C/18 ◦C (day/night cycle) with 60% relative humidity and a
photoperiod of 240 µmol m−2 s−1 photon flux density. Three methods were utilized to
assess disease progression and phenotype of the mutants on leaves: (i.) spray infection
of whole seedlings on three-week-old Bd plants with Mo conidia suspension of 120 ×
103 spores mL−1 in 0.002% Tween20 and assayed on the second youngest leaf; (ii.) spray
infection of second youngest detached leaves of three-week-old Bd plants with 250 µL
Magnaporthe oryzae conidia suspension 50 × 103 spores mL−1 in 0.002% Tween20; (iii.)
drop inoculation on second youngest detached leaves of three-week-old Bd with 10 µL of
conidia solution (50,000 conidia/mL in 0.002% Tween water) on 1% agar plates. Control
leaves/seedlings were mock-inoculated with 0.002% Tween water in all setups. Leaves
were kept at 16 h light (160 µmol m−2 s−1)/8 h dark cycle at 22 ◦C/18 ◦C. Score disease
progression and analysis of the necrotic spots was assayed 5 DPI via ImageJ software [98].
For root inoculation, sterilized seeds (3% NaClO for 15 min, followed by three times 5 min
washes in sterile water) of Bd21-3 were vernalized in the dark at 4 ◦C for two days on half
strength MS medium [99] and then moved to a 16 h light (160 µmol m−2 s−1)/8 h dark
cycle at 22 ◦C/18 ◦C. Roots of one-week-old seedlings were dip-inoculated in 1 mL of
conidia solution (125,000 conidia/mL in 0.002% Tween water) for 3 h and transplanted in
a (2:1) mixture of vermiculite (Deutsche Vermiculite GmbH, Sprockhövel, Germany) and
Oil-Dri (Damolin, Mettmann, Germany). Control roots were mock-inoculated with 1 mL of
0.002% Tween water solution. Quantification of Mo DNA presence in roots was performed
at 5 DPI by quantitative PCR based on the fungal actin (MoActin). The experiment was
repeated two times, each time with n = 10 roots per experimental group.

4.3. Sample Preparation from Mo–Bd Interaction Sequencing

Mo was grown on oatmeal agar (OMA) for two weeks at 26 ◦C with 16 h light/8 h
dark cycles both for sampling of mycelium and conidia production. Samples from axenic
cultures were collected by scraping a mixture of mycelia and spores from three plates,
followed by immediate freezing in liquid nitrogen. For root inoculation, sterilized seeds
(3% NaClO for 15 min, followed by three times 5 min washes in sterile water) of Bd21-3
were vernalized in the dark at 4 ◦C for two days on half strength MS medium and then
moved to a 16 h light (160 µmol m−2 s−1)/8 h dark cycle at 22 ◦C/18 ◦C. Roots of one-
week-old seedlings were dip-inoculated in 1 mL of conidia solution (250,000 conidia/mL
in 0.002% Tween water) for 3 h, transplanted in a (2:1) mixture of vermiculite (Deutsche
Vermiculite GmbH, Sprockhövel, Germany) and Oil-Dri (Damolin, Mettmann, Germany)
and grown for an additional 4 days before harvesting. Control roots were mock-inoculated
with 1 mL of Tween water solution. For leaf inoculation, third leaves of three-week-old Bd
were detached and drop-inoculated with 10 µL of conidia solution (50,000 conidia/mL in
0.002% Tween water) on 1% agar plates. Control leaves were mock-inoculated with Tween
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water. Leaves were kept at 6 h light (160 µmol m−2 s−1)/8 h dark cycle at 22 ◦C/18 ◦C and
collected for sequencing at 2 days post inoculation (DPI) and 4 DPI.

4.4. RNA Extraction, Library Preparation and Sequencing

Three roots or two leaves, respectively, were pooled per sample for RNA extraction
and for each condition three pooled biological samples were prepared. Frozen tissue
stored at −80 ◦C was ground in liquid nitrogen using mortar and pestle. Total RNA
was isolated with ZymoBIOMICS TM RNA Mini Kit (Zymo Research, Irvine, CA, USA)
according to the manufacturer’s instructions. Quantity and integrity of the RNA were
assessed with DropSense16/Xpose (BIOKÉ, Leiden, Netherlands) and Bioanalyzer 2100
(Agilent, Santa Clara, CA, USA), respectively. Purification of small and large RNAs into
separate fractions was carried out using RNA Clean & Concentrator TM -5 (Zymo Research,
Irvine, CA, USA) and concentration and quality of the fractions were checked again, using
the Agilent 2100 Bioanalyzer Pico Chip and the Qubit fluorometer (Invitrogen, Carlsbad,
CA, USA) for the sRNA fraction. A total of 50 ng of sRNA (17 to 200 nt) were used for
cDNA library preparation with TruSeq® Small RNA Library Prep (Illumina, San Diego,
CA, USA) and 1.5 µg of large RNA were used for cDNA library preparation with TruSeq®

Stranded mRNA (Illumina, San Diego, CA, USA). Constructed cDNA libraries of sRNAs
were further size selected with BluePippin (Sage Science, Beverly, MA, USA) for fragments
between 140 and 160 nt (15–35 nt without adapters). Quality of polyA mRNA libraries was
assessed using the Fragment AnalyzerTM Automated CE System (Advanced Analytical
Technologies, Heidelberg, Germany). The Illumina HiSeq1500 sequencing platform was
used to sequence the Illumina TruSeq® Small RNA libraries single end with 35 nt read
length and the Illumina TruSeq® Stranded mRNA libraries (paired-end [PE] sequencing,
70 nt) of all samples.

4.5. Transcriptome Analysis

Paired end sequenced cDNA reads of Illumina TruSeq® Stranded mRNA libraries
were analyzed through the quality check in FastQC and alignment in the junction mapper
HISAT2 [100]. Magnaporthe oryzae MG8 release 38 [101] and Brachypodium distachyon Bd21-3
v1.1 (DOE-JGI, http://phytozome.jgi.doe.gov/) assemblies were utilized throughout this
study as references. Htseq-count [102] and DESeq2 [103] were then used for read counting
and differential gene expression calling (DGE) between the infected and control sample
genes and to generate volcano plots. Heatmaps for selected DEGs were obtained with the
pheatmap package for R [104]. Gene Ontology Enrichment (GOE) analysis on DEGs was
done with AgriGO v2 [105]. Gene descriptions were integrated from the organism genome
assembly, ENSEMBL Biomart, Phytozome and Blast2GO [106].

4.6. sRNA Analysis, Prediction of Endo- and Cross-Kingdom sRNA

The single end sequenced cDNA reads of Illumina TruSeq® Small RNA libraries were
analyzed starting with quality check with FastQC [107] and trimming of adapter artifacts
with cutadapt [108]. The alignment of the reads to reference genomes and transcriptomes
of Bd and Mo was done using the short read aligner Bowtie [109]. Reads with a 100%
alignment to the genome of the organism of origin were selected, alongside the reads with
at least two mismatches in the alignment to the target organism genome. Venn diagrams
for sRNA and target overlaps were obtained with the VennDiagram package for R [110].

To identify interaction-related Bd sRNAs with endogenous function, both infected
and control datasets were analyzed with ShortStack [111] to identify potential miRNA
generating loci. Genomic coordinates and corresponding reads per million (RPM) of
the identified clusters were compared between infected and control datasets to select
clusters exclusively present or increased during infection. Both potential precursors and
mature miRNAs deriving from these clusters were compared to known miRNA sequences,
obtained from miRBase [112]. The structure of miRNA generating clusters was visualized
with strucVis (version 0.4, Michael J. Axtell).
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Bioinformatics analysis of candidate ck-sRNAs was done as described in Zanini
et al. [43]. Only sRNA reads of 20–22 nt originating from non-coding regions and with
a higher count in the organism of origin control datasets compared to the infected ones
were analyzed further for ck-sRNA effector identification by the target prediction software
psRNATarget used with customized settings [113].

Expression levels obtained for each gene were used as confirmation of downregulation
of predicted targets from the psRNATarget software. PHI-base, a collection of experimen-
tally verified pathogenicity/virulence genes from fungal and microbial pathogens [114],
was used to gather information regarding phenotype and virulence of fungal mutants
carrying a mutation in the identified Mo gene targets.

5. Conclusions

In the present work, we analyzed and characterized the interaction between Brachy-
podium distachyon and Magnaporthe oryzae at different fungal lifestyles and infection sites,
both from a transcriptomic and sRNA expression profiles’ point of view. The pathosystem
has been studied as a model for the effect of blast disease on staple crops leaves (e.g., rice,
wheat and barley), owing to Bd’s short maturation phase, smaller genome and space-saving
production [11,12,14]. In addition to foliar infections, we also established and characterized
the interaction and responses to Bd root colonization by Mo. Additional to the confirmation
of the extensive reprogramming in both organisms throughout the interaction, our results
support the possibility that major staple crops co-evolved mechanisms of RNA-based
communication with their microbial pathogens. Based on concomitant deep sequencing of
mRNA and sRNA fractions, our work provides the first indication of both plant and fungal
sRNAs involvement in the communication between Magnaporthe oryzae with the model
grass Brachypodium distachyon, further supporting the theory of ckRNAi participation in
plant–pathogen interactions. Interestingly, sRNAs induced during infection setups show
only partial overlap both among the different tissues (leaves, roots) and the different infec-
tion phases (leaf: biotrophic, necrotrophic), raising the possibility that ckRNAi in a given
host–pathogen interaction exhibits tissue- and lifestyle-specificity.
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Requirements for fungal uptake of dsRNA and gene
silencing in RNAi-based crop protection strategies
Ena Še9ci�c and Karl-Heinz Kogel

Growing evidence indicates that RNAi is an effective control

strategy for agronomically important fungi. To implement RNAi-

based crop protection strategies, dsRNA molecules are either

sprayed on foliage or generated by genetically engineered

plants. Here, we summarize current knowledge of the

mechanisms governing dsRNA uptake and RNAi-mediated

gene silencing in fungi, as well as the factors that influence

these phenomena. Of primary importance is dsRNA design, as

identifying an appropriate gene for silencing and determining

which region of the gene to target are critical for maximizing

efficiency. Strategies for enhancing dsRNA uptake, potentially

by using formulations and/or carriers that prevent dsRNA

degradation by (a)biotic factors and possibly facilitate

translocation, also are a key consideration. Finally, determining

whether the fungal pathogen of interest contains a functional

RNAi machinery is a major consideration. Integrated

experimental confirmation of these important factors is

necessary for the successful development of crop protection

strategies against fungal pathogens.
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Introduction
RNA interference (RNAi)-based plant protection strate-

gies were established on the knowledge that plant-

derived or exogenous double-stranded RNA (dsRNA)

molecules can silence essential or virulence genes in

microbial pathogens and pests. These strategies are

advantageous due to the highly specific, environmentally

friendly and malleable nature of dsRNAs. Moreover,

RNAi implemented via transgenic Host-Induced Gene

Silencing (HIGS) [1] or environmental uptake (ex. Spray-

Induced Gene Silencing; SIGS) [2] has been proven

effective in several plant-pathogen/pest systems

[3,4,5�,6]. Beyond these plant protection strategies, a

natural mechanism, called cross-kingdom communica-

tion, has been shown to involve bidirectional exchange

of small RNA duplexes (sRNA; equiv. 20–24 nt long

dsRNAs) between plant and microbial cells and thereby

lead to silencing of immune response or virulence genes

[7–11, reviewed in Refs. 2 and 12]. After transfer of

dsRNA from plant cells into fungi, whether during

cross-kingdom communication, HIGS, or SIGS, gene

silencing occurs by exploiting the microbial RNAi

machinery [13,14]. The RNAi pathway in fungi is

involved in maintenance of genome integrity, response

to environmental signals, development and pathogenesis,

and branches into several subpathways that result in post-

transcriptional mRNA degradation/inhibition or epige-

netic modifications on the transcriptional level [15].

Based on considerations in current research and applica-

tion, we focus here on the canonical post-transcriptional

gene silencing (PTGS) subpathway.

While physical and physiological hurdles for RNAi-based

strategies aimed at regulating plant genes [16�] or provid-

ing insect control [5�] have been reviewed recently, a

detailed assessment of the obstacles for RNA-based bio-

fungicides as a plant protection strategy is lacking.

Although there is undeniable potential for RNAi-based

protection against harmful fungi, especially for (SIGS-

based) control of cereal pathogens [1,2], applications are

currently more advanced in RNAi-based insecticides [5�].
Here, we focus on recently published studies that shed

light on the issues that must be addressed in order to

develop a successful RNAi-based protection strategy

against fungal pathogens. Since fungal cells can internal-

ize exogenous dsRNA either directly from the environ-

ment, liquid culture or foliar surface (SIGS); or indirectly

following its synthesis/movement through plant tissue

(HIGS or SIGS), potential obstacles related to both direct

and indirect uptake will be addressed. Specific consider-

ations for dsRNA design, stability, formulation and the

activity of fungal RNAi machinery also will be covered.

Before uptake — physical barriers,
endocytosis and RNA stability
A critical requirement for RNAi-mediated plant protec-

tion against fungal pathogens is the successful uptake of

dsRNA by the fungal cells. This requires the dsRNA to

pass through the hyphal cell wall, which is composed of

chitin, polysaccharides and glycoproteins, and the plasma
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membrane, which consists of lipids and protein/lipid

heterogenous domains [17–19], while remaining stable

from environmental degradation and evading potentially

secreted fungal nucleases. Direct uptake of dsRNA and/

or sRNA has been detected in various fungi [20��], which

suggests the existence of uptake pathways that are not

impeded by the hyphal cell wall and/or membrane. For

example, uptake of fluorescein-labelled dsRNA or shorter

sRNA fragments was detected in germinating Botrytis
cinerea spores grown on agar medium and in protoplasts

isolated from liquid fungal culture co-incubated with

dsRNA after 12 hours or 20 hours of dsRNA application,

respectively [14]. Moreover, this uptake correlated with

silencing of the targeted fungal genes DCL1 (DICER-

LIKE1) and DCL2, as well as inhibition of B. cinerea
virulence after external application on plants. Treatment

of Fusarium graminearum conidia with dsRNA for 24 hours

also resulted in silencing of targeted fungal ergosterol

biosynthesis genes [13]. More recently, the uptake and

silencing efficiency of various dsRNAs applied over a

dose gradient was assessed in liquid cultures of Sclerotinia
sclerotiorum [21]. Uptake and silencing of target genes

after in vitro treatment with dsRNA also was recently

demonstrated in Fusarium spp., B. cinerea, Magnaporthe
oryzae and Colletotrichum truncatum [22,23��].

A landmark study investigating the mechanism for exog-

enous dsRNA uptake in fungi recently demonstrated that

clathrin-mediated endocytosis (CME), a well-known and

conserved eukaryotic pathway [24], is responsible for

dsRNA uptake in S. sclerotiorum [25��]. Using fluores-

cence imaging, labeled dsRNA uptake was detected as

early as two hours after co-incubation, especially at newly

growing hyphal branches. In humans, extracellular

dsRNA binds to surface receptors and then is internalized

by CME, before it is further recognized by endosomal or

cytosolic receptors [26]. CME of dsRNA also has been

identified in Drosophila cells [27], and in other insect

species [20��]. Interestingly, sRNA uptake in some insect

groups can involve systemic RNA interference deficient-

1 (Sid-1)–like (SIL) transmembrane proteins [28], while

fungi lack their orthologs, and thus greatly rely on CME

[20��].

In comparison to direct dsRNA uptake, the ability of

fungal cells to internalize dsRNA synthesized by or

transited through plant tissue requires overcoming sev-

eral additional, potential obstacles. These include dsRNA

stability in planta, as well as its ability to pass through

the plant cuticle, cell wall, plasma membrane and/or

avoid digestion by plant-generated nucleases [16�]. An

additional concern for SIGS-mediated pathogen control

is whether untreated portions of the plant are protected.

Importantly, SIGS-induced mitigation of F. graminearum
infection in barley was associated with semi-systemic

transport of the sprayed dsRNA [13]. The mechanism

(s) supporting indirect dsRNA uptake by fungi is not

well understood. Based on current knowledge of cross--

kingdom RNAi, it is hypothesized that sRNAs are

released from the plant cell in exosomes or extracellular

vesicles (EVs). Uptake of EVs by fungal cells presumably

occurs via endocytic fusion with the plasma membrane

[29,9,30], comprehensively reviewed in Cai et al. [4].

Since hyphal elongation occurs mostly at the tips, and this

process requires rapid and extensive cell-to-cell molecu-

lar transport, endocytosis-based membrane recycling and

secretion of vesicles [17], this region may be involved in

dsRNA uptake. Indeed, internalization of fluorescent-

labelled dsRNA by S. sclerotiorum hyphae occurred pre-

dominantly at the hyphal tip [25��]. In some pathogenic

fungi, the hyphal tips differentiate into specialized infec-

tion organelles such as appressoria and haustoria during

plant colonization [17,31,32]. Whether these sites are

primary locations of sRNA-based cross-kingdom vesicle

exchange is unknown.

To develop a successful HIGS-based or SIGS-based anti-

fungal protection strategy, several critical aspects of

dsRNA design must be considered. The first decision

involves selecting an effective fungal target gene. The

dsRNA sequence must then be designed to i. minimize

off-target effects [33], ii. optimize silencing efficiency,

since this varied substantially for dsRNA molecules from

different parts of the target genes, and iii. maximize

dsRNA stability. For example, dsRNA derived from

several regions of the Myosin 5 gene in Fusarium asiaticum
varied in efficiency of reducing fungal growth [22] and

application of dsRNAs from several regions of F. asiati-
cum-derived b2-tubulin gene also resulted in differential

silencing efficiency and reduction of growth and virulence

[23��]. Further on, dsRNA-degrading nucleases are

known to affect dsRNA stability and silencing efficiency

in several insect species [34–36]. Currently, no extracel-

lular fungal nucleases that are specifically secreted to

degrade dsRNA and impair RNAi silencing have been

identified. However, a fungal extracellular S1 nuclease

that degrades ssDNA, RNA and dsDNA [37] and dsRNA

mycoviruses have been detected [38], implying that the

existence of secreted dsRNA nucleases in fungi cannot be

excluded. Environmental factors also can cause dsRNA

degradation. The rules for designing dsRNA with optimal

stability are poorly understood; however, formulations

and/or chemical carriers for dsRNA molecules can help

minimize degradation by (a)biotic agents [39]. In perti-

nent examples, nanoparticles have been applied for stable

and controlled release of dsRNA mediating protection

against plant viruses [40,41], DNA nanostructures have

been used to aid silencing of constitutively expressed

plant genes [42], and carbon dots for silencing of plant

transgenes [43]. While assessing formulations and car-

riers, it is crucial to include variable environmental con-

ditions to assess stability, as shown with chitosan and

dsRNA nanoparticles in Caenorhabditis elegans [44].
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Manipulating growth conditions to place fungi under

stress also may modify the efficiency of RNAi-based

silencing, as reported in the case of Macrophomina pha-
seolina [45]. In this example, growing the fungus under

suboptimal conditions for temperature and nutrient sup-

ply hinted to a higher sensitivity of the fungus to dsRNA,

indicating that: i) successful application of dsRNA as a

biofungicide can be achieved under variable climate

conditions and ii) application of dsRNA in coordination

with planting times and weather/soil temperatures should

improve the success of RNAi-based protection strategies.

Lastly, there is a dsRNA dose/concentration effect to be

considered within an uptake/silencing study, in order to

determine the minimum dose necessary for significant

growth reduction [45] or transcript silencing [21].

Together, these findings indicate that dsRNA uptake and

RNAi silencing are influenced by environmental condi-

tions. Since the dsRNA must be internalized into the

hyphae to interact with the RNAi machinery [20��], all of

the barriers and factors impeding uptake have to be

surpassed successfully. Developing an RNAi-based con-

trol strategy therefore requires assessing a wide range of

factors, including endocytosis pathways, potential nucle-

ase activity, fungal life-style and stage of growth. We

summarize the major factors to take into consideration in

Figure 1.

After uptake — fungal RNAi machinery and
gene silencing
For exogenously supplied or plant-associated dsRNAs to

mediate target gene silencing and thereby reduce fungal

infection, they must not only be internalized by a suffi-

cient number of fungal cells, but these cells must possess

functional RNAi machinery. RNAi silencing, which is

broadly conserved in eukaryotes, encompasses several

related pathways that mediate post-transcriptional gene

silencing [20��], as well as maintenance of genome stabil-

ity and regulation of physiological and developmental

processes and responses to (a)biotic stresses [15]. The
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Important factors influencing dsRNA uptake and RNAi-based gene silencing in fungi.

The process of dsRNA design is represented by three central boxes connected by blue arrows: a designed dsRNA that can specifically target an

mRNA (blue box, left), which leads to experimental approaches to test dsRNA uptake and gene silencing in fungi (pink box). Finally, the

effectiveness of the dsRNA is validated by confirming target silencing and degradation (blue box, right). Important aspects of the experimental

setup are indicated with black arrows: testing and improving i. stability and uptake of dsRNA in axenic fungal mycelia (yellow), ii. uptake and

silencing after external application to the plant surface (lighter green), or iii. uptake from plant tissue (darker green), and iv. assessing the

expression and activity of the fungal RNAi machinery after uptake (orange).
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canonical RNAi machinery includes DICER or DCL

endonucleases, which process the dsRNA into shorter

sRNAs. These sRNAs are then loaded onto ARGO-

NAUTE (AGO) proteins. Recruitment of additional pro-

teins, along with release of the passenger RNA strand,

leads to formation of an active RNA-induced silencing

complex (RISC), which uses the retained guide RNA

strand to identify complementary target transcript

sequences for silencing. In addition, RNA-DEPEN-

DENT RNA POLYMERASES (RDRs) are involved

in generating and/or amplifying dsRNAs in many organ-

isms, including fungi [15].

Although RNAi is an important regulatory mechanism in

eukaryotes, key components of this pathway are lacking

in some fungi [46]. For example, genomic analyses have

indicated that some or all of the genes encoding canonical

RNAi machinery components are missing in the plant

pathogen Ustilago maydis; this correlates with the failure of

introduced dsRNAs to suppress target gene expression

[47]. Thus, ensuring that a particular fungal pathogen

contains functional RNAi machinery is an essential con-

sideration for developing a successful RNAi-mediated

control strategy. Current knowledge of typical protein

domains for major RNAi proteins should facilitate
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Schematic representation of dsRNA uptake and processing in fungi.

Deployed dsRNA molecules must successfully overcome a number of obstacles before uptake and come in contact with the RNAi machinery after

uptake. (a) Stability to degradation (ex. liquid media) by potentially secreted fungal nucleases (which have not been described so far, thus marked

with a ‘?’) and abiotic factors is necessary; (b) the plasma membrane has to be bypassed, for example by clathrin-mediated uptake (CME) of

dsRNA/sRNA molecules from the environment, or (c) uptake of extracellular vesicles from plant tissue; (d) with potential use of formulations and

carriers to ensure stability. Lastly, (e) access to fungal RNAi proteins after uptake in the cytoplasm is necessary for silencing to occur.
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bioinformatics analyses to assess gene copy number, as

well as its structural and functional details, followed by

confirmation of expression in the life stage and conditions

under which the application of dsRNA is planned [48].

In plants, initial uptake of dsRNA is followed by produc-

tion of secondary sRNAs. This process, which is mediated

by RDRs and 22 nt long sRNAs [16�], enables a small

number of primary sRNAs to effect wide-spread changes

in gene expression. While RDRs exist in fungi, a recently

published study on F. asiaticum indicated insufficient

sRNA secondary amplification to maintain the silencing

after the initially applied exogenous dsRNA was removed

[49]. This finding raises questions about the viability of an

RNAi-based crop protection against some fungi, when the

dsRNA is not continuously produced by the plant

(HIGS), or repeatedly supplied exogenously (SIGS).

Finally, it should be noted that RNAi-based control

strategies may not be a suitable option for some fungal

pathogens even if they contain a RNAi machinery. A

recent study of Zymoseptoria tritici failed to detect either

dsRNA uptake or HIGS-induced silencing of the targeted

genes [50]. Furthermore, no cross-kingdom communica-

tion was observed between this pathogen and wheat

[50,51]. As this result could be due to an obstacle in

the internalization of dsRNAs, the importance of the

uptake as a critical prerequisite for RNAi-based applica-

tions in crop protection is once again underlined. On the

other hand, if several types of RNAi strategies can be

successfully applied to a plant-pathogen system, a com-

parison of their efficiency in silencing the same gene is

desirable, as shown by the example of HIGS versus SIGS

strategies in barley against F. graminearum [52].

Conclusion
Although our understanding of non-coding RNA commu-

nication mechanisms and their application to plant pro-

tection strategies is growing (for comprehensive reviews

see Refs. [2,12]), insights into many fungal-plant systems,

especially those of major agricultural significance, are still

missing. As currently understood, the basic requirements

for successful RNAi-mediated gene silencing in fungal

cells are: i. maintenance of dsRNA stability long enough

for uptake to occur, ii. successful uptake of dsRNA

molecules into fungal cells, either directly from the

environment or indirectly from plant cells that contact

the fungal hyphae or infection structures, and iii. presence

of a functional fungal RNAi machinery that will mediate

the silencing process. These basic requirements are

depicted in Figure 2. Future efforts to develop dsRNAs

for use as novel biofungicides will require assessing

different targets in a wide range of fungal species, and

evaluating parameters, including but not limited to: target

choice optimization, dsRNA length adjustments, simul-

taneous measurement of target silencing and degradation,

the functionality of CME, and the differential dsRNA

uptake in newly growing hyphae versus mature myce-

lium. The information gathered from these studies will

not only provide a deeper understanding of dsRNA

uptake and silencing mechanisms in fungal cells, but also

should facilitate the translation of proof-of-concept stud-

ies to agricultural applications. Before applications are

realized, the challenges of specific targeting (avoidance of

off-targets) and enhancing stability under field condi-

tions, as well as finding improved formulations and reduc-

ing production costs remain. Overall, it is perhaps most

realistic that a future commercial RNAi biofungicide will

be incorporated into an integrated/stacked plant protec-

tion strategy that provides some safety against develop-

ment of compound resistance, as has been the case with

RNAi insecticides [53].
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A B S T R A C T   

Plants and animals utilize various regulatory mechanisms for control of gene expression during development in 
different tissues and cell types. About 30 years ago, a new mechanism of gene regulation, termed RNA inter-
ference (RNAi), was discovered and proved revolutionary for the mechanistic understanding of gene regulation. 
Noncoding RNAs, including short, 21–24 nucleotide (nt) long microRNAs (miRNAs), endogenously-generated 
from MIR genes, are key components of RNAi processes, by post-transcriptionally controlling transcripts with 
antisense complementarity through either translational repression or mRNA degradation. Since their discovery, 
important roles in regulation of ontogenetic development, cell differentiation, proliferation, and apoptosis in 
eukaryotes have been elucidated. In plants, miRNAs are known regulatory elements of basic endogenous func-
tions and responses to the environmental stimuli. While the role of miRNAs in regulation of nutrient uptake, 
circadian clock and general response to abiotic stress is already well understood, a comprehensive understanding 
of their immune-regulatory roles in response to various biotic stress factors has not yet been achieved. This 
review summarizes the current understanding of the function of miRNAs and their targets in plants during 
interaction with microbial pathogens and symbionts. Additionally, we provide a consensus conclusion regarding 
the typical induction or repression response of conserved miRNA families to pathogenic and beneficial fungi, 
bacteria, and oomycetes, as well as an outlook of agronomic application of miRNAs in plants. Further investi-
gation of plant miRNAs responsive to microbes, aided with novel sequencing and bioinformatics approaches for 
discovery and prediction in non-model organisms holds great potential for development of new forms of plant 
protection.   

1. Introduction and historical background 

MicroRNAs (miRNAs) are a class of non-coding RNAs with sequence 
complementarity to messenger RNAs (mRNAs), making them important 
components in regulating gene expression and silencing in a variety of 
signalling pathways within eukaryotic cells (Bartel, 2004). Recent re-
views emphasize their involvement in various fundamental processes, 
ranging from mammalian reproduction and fertility (Salilew-Wondim 
et al., 2020), human stress diseases (Du et al., 2019) and gut-microbiota 
interactions (Li et al., 2020) to plant development (Liu et al., 2018) and 
response to biotic and abiotic stresses (Li et al., 2017). At its basis, 
miRNA-based gene silencing is an obstruction of protein synthesis and 
translation of mRNAs in a post-transcriptional manner, commonly called 
Post-Transcriptional Gene Silencing (PTGS), which is a subtype of a 
highly conserved silencing pathway of RNA interference (RNAi). While 
RNAi was discovered in nematodes in 1998 (Fire et al., 1998), and a 
corresponding Nobel Prize awarded to Fire and Mello in 2006, the 

process in which expression of sequences complementary to target genes 
leads to silencing phenotypes was discovered in plants as early as 1990, 
then termed “co-suppression” (Napoli et al., 1990; van der Krol et al., 
1990), and in fungi in 1992, then termed “quelling” (Romano and 
Macino, 1992). Following these landmark publications, the first miRNA 
discovered was from the lin-4 gene of Caenorhabditis elegans in 1993 (Lee 
et al., 1993) and elucidated a mechanism by which complementary lin-4 
miRNA abrogates translation of lin-14 mRNA (Wightman et al., 1993). 
Later, another RNA from the gene let-7 was discovered with targets 
involved in temporal regulation of development in C. elegans (Reinhart 
et al., 2000; Pasquinelli et al., 2000). Consequently, these RNAs were 
initially termed small temporal RNAs (stRNAs), but were then shown to 
be more widespread and versatile in targeted pathways, occurring 
throughout the genomes of Caenorhabditis, Drosophila and humans, so 
they were renamed microRNAs (Lagos-Quintana et al., 2001; Lau et al., 
2001; Lee and Ambros, 2001). 

True comprehension of the unique nature of these molecules in 
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eukaryotic organisms emerged in the following years, when first studies 
revealed developmental and tissue-specific miRNA expression patterns 
and strong conservation in vertebrate and non-vertebrate genomes 
(Lagos-Quintana et al., 2002; Wienholds et al., 2005, reviewed 
comprehensively in Bartel, 2004). First miRNAs in plants were described 
in 2002, with 16 miRNAs (miR156 to miR171) discovered in the Ara-
bidopsis genome, eight of which were also conserved in rice (Reinhart 
et al., 2002). They were detectable by Northern blot analysis, differen-
tially expressed during plant development and originated from 
stem–loop precursors. 

Even though miRNAs play important regulatory roles in plants and 
animals, and the pathways they utilize are somewhat similar, the debate 
about the common ancestry or convergent evolutionary history of the 
plant and animal miRNAs (Axtell et al., 2011; Moran et al., 2017), as 
well as the origin of non-coding regulatory mechanisms (Gaiti et al., 
2017) is still ongoing. A comprehensive and detailed database of known 
miRNAs, their nomenclature, precursor and mature sequences and cor-
responding literature was established in 2002, then called the microRNA 
Registry (Griffiths-Jones, 2004), and later known as miRBase (Grif-
fiths-Jones et al., 2006). The current release (v22.1) contains 48,885 
mature miRNAs from 271 species (Kozomara et al., 2019), including 
Arabidopsis thaliana (428 mature miRNAs), Medicago truncatula (756 
mature miRNAs), Brachypodium distachyon (525), Oryza sativa (738), 
Triticum aestivum (125), Zea mays (325) and Solanum lycopersicum (147). 

Meanwhile, aberrant miRNA profiles have been associated with 
cancer diseases, with the first examples in chronic lymphocytic leukemia 
shown as early as 2002 (Calin et al., 2002). Following these discoveries, 
small RNA-based therapeutic approaches that exploit miRNA involve-
ment as oncogenes or tumor suppressors have since been in develop-
ment, with the first clinical trials on treatment of liver cancer with a 
miRNA mimic starting in 2013 (Bouchie, 2013; Orellana and Kasinski, 
2015; Hashemi and Gorji-Bahri, 2020). Similarly, there have also been 
considerations and initial studies to use RNAi-based signalling pathways 
for development of plant protection strategies against microbial patho-
gens and pests (reviewed in: Cai et al., 2018; Cagliari et al., 2019; Liu 
et al., 2020). Depending on the origin of non-coding RNA specifically 
targeting an essential or a virulence gene of a microbial pathogen or a 

pest, employed strategies are termed either Host-Induced Gene Silencing 
(HIGS; Nowara et al., 2010), where the RNA is generated by the crop 
plant, or Spray-Induced Silencing (SIGS; Koch et al., 2016; Wang et al., 
2016), where the RNA is exogenously applied to the plant surface. A first 
commercial product using the HIGS strategy was first approved in 2017 
for corn rootworm control in transgenic corn (Head et al., 2017). Major 
discoveries and application landmarks in miRNA-based research are 
displayed in Fig. 1. 

2. miRNA biogenesis and gene silencing mechanisms in plants 

Mature miRNAs both in plants and animals have common charac-
teristics, which serve as classification criteria within the diverse non- 
coding RNA universe: i. mature miRNAs are 20–24 nucleotides (nt) 
long sequences, ii. they originate from precursor inverted repeats that 
fold into hairpin secondary structures, iii. are cleaved by endonucleases, 
and iv. loaded into Argonaute (AGO) proteins in order to guide target 
recognition (Reinhart et al., 2002; Axtell et al., 2011; Budak and Akpi-
nar, 2015). miRNAs are mostly transcribed from intergenic regions with 
associated promoters, or intragenic intron sequences (O’Brien et al., 
2018) by DNA-dependent RNA polymerase II into primary miRNAs 
(pri-miRNAs), whose accumulation, stability and splicing serve as 
pathway checkpoints for miRNA synthesis regulation (Budak and 
Akpinar, 2015; Zhang et al., 2015). pri-miRNAs fold back onto them-
selves to form hairpins with stem-loop double-stranded (ds) RNA re-
gions, to be recognized and cleaved with the type III RNA endonuclease 
Dicer-like (DCL) proteins into precursor miRNAs (pre-miRNAs). Plants 
commonly have several homologs of DCL proteins and the length of a 
final processed mature miRNA/miRNA* duplex depends on the DCL 
protein cutting the precursor molecule (Budak and Akpinar, 2015). 
Interestingly, flowering plants also have multiple copies of AGO pro-
teins, grouped into clades by homology to 10 canonical Arabidopsis 
AGOs (Fang and Qi, 2015). Prior to export out of the nucleus, the mature 
duplex is methylated by Hua Enhancer 1 (HEN1), to protect it from 
exonucleolytic degradation (Yu et al., 2005). Once in the cytoplasm, the 
miRNA/miRNA* duplex is loaded into AGO within the RNA-Induced 
Silencing Complex (RISC), the passenger strand is degraded and the 

Fig. 1. Timeline of major discoveries and applications of miRNAs since the discovery of RNAi-based regulatory mechanisms. First proof/discovery of a term is 
displayed in pink and the application breakthroughs and miRNA-based tools are displayed in orange. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 
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guide strand remains in a mature RISC (Fang and Qi, 2015). This miRNA 
strand facilitates recognition and translational inhibition or cleavage of 
the target mRNA (Rogers and Chen, 2013). In contrast to animal miR-
NAs, the pairing between the single-stranded miRNA and its target is 
mostly near-perfect, leading to AGO-catalyzed cleavage or translation 
inhibition of the targeted transcript (Axtell et al., 2011). Because the 
recognition of the target relies on sequence conservation between the 
miRNA and the mRNA, regulation of a target by multiple miRNAs or vice 
versa multiple targets by one miRNA are both possible silencing sce-
narios (Srivastava et al., 2014). The success of miRNA-induced silencing 
depends on the expression, abundance and localization of both miRNAs 
and their targets, as well as the stability of the silencing and expression 
of proteins with redundant function to the target. Major regulatory 
checkpoints in miRNA biogenesis and homeostasis are the i. miRNA 
transcription, ii. processing, iii. RISC assembly, and iv. stability main-
tenance (Wang et al., 2019). 

Adaptive, rapid, and substantial changes in gene expression, as 
exerted in miRNA-based regulation of physiological processes, are also 
required in terms of response to biotic and abiotic stresses (Shriram 
et al., 2016; Chauhan et al., 2017). While some plant miRNAs are 
grouped in miRNA families, conserved both in sequence and role in 
targeted pathways across different species, others have diverged and are 
typical only for a single species or a few close relatives (Dezulian et al., 
2005; Fahlgren et al., 2010). Hence, in this review, when possible, we 
discuss the microbe-responsive miRNAs within families, taking into 
account their similarities and differences across the compendium of 
available data in distinct plant species. In addition, we consider here 
several categories of biotic interactions into which a microbe-induced 
miRNA response might fall, including taxonomic (bacterial, fungal) 
and lifestyle (pathogenic, mutualistic) criteria, with the intention of 

providing comprehensive insight into the conservation and divergence 
of miRNA function. We classify the miRNA families into categories of 
“induced by biotic stress”, “repressed by biotic stress” or “differentially 
regulated by biotic stress” in Table 1, based on the consensus from 
available literature, where such a classification was possible. These 
miRNAs are schematically indicated, within the biotic stress category 
they respond to, and within the classification criteria from Table 1, in 
Fig. 2. 

3. Biotic stress-responsive miRNA families 

3.1. miR393 disrupts auxin crosstalk to plant immune networks 

Different studies have shown that miR393 is up-regulated in 
response to abiotic stresses such as cold, heat, salt and dehydration in 
Arabidopsis and wheat (Triticum aestivum) (Sunkar and Zhu, 2004; Zhou 
et al., 2008; Xin et al., 2010). In connection with this review, it is 
interesting that miR393 was the first miRNA shown to be regulated 
under biotic stress (Navarro et al., 2006). This miRNA is identified in 15 
plant species (Windels and Vazquez, 2011), encoded by multiple 
AtMIR393 loci in Arabidopsis and targets the Transport Inhibitor 
Response1 (TIR1)/Auxin-signalling F-Box (AFB) auxin co-receptors 
(Jones-Rhoades and Bartel, 2004; Sunkar and Zhu, 2004). A modified 
RACE assay confirmed that TIR1, AFB2 and AFB3 transcripts are cleaved 
by miR393 (Navarro et al., 2006). In the absence of auxin, Auxin/Indole 
Acetic Acid (AUX/IAA) proteins are bound to Auxin Response Factor 
(ARF) proteins, thereby inactivating them. Upon auxin perception, TIR1 
along with AFB1, AFB2 and AFB3 mediate AUX/IAA protein ubiquiti-
nation, releasing the ARFs that subsequently activate (or repress, 
depending on the ARF family member) the transcription of auxin 

Table 1 
miRNA families classified by the type of response to various biotic stress factors: induction upon infection or colonization by the microbe (red), repression upon 
infection or colonization (blue), differential response upon infection or colonization (yellow). The classification and colours have been assigned by a consensus across 
currently available literature (cited in the appropriate box). (For interpretation of the references to colour in this table legend, the reader is referred to the web version 
of this article.)  
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responsive genes (Dharmasiri et al., 2005a,b). miR393 expression is 
induced by flagellin 22 (flg22), a bacterial Microbe-Associated Molec-
ular Pattern (MAMP), resulting in RNA-mediated repression of 
TIR1/AFB proteins and modulation of auxin signalling (Navarro et al., 

2006; Li et al., 2010b). Since auxin represses salicylic acid (SA) but not 
jasmonic acid (JA) signalling, up-regulating miR393 and thus repressing 
auxin signalling increases the levels of SA, which explains the higher 
resistance to biotrophic microbes (Naseem et al., 2015). For example, 

Fig. 2. A plant cell can respond to various types 
of biotic stresses by induction (red), repression 
(blue) or differential regulation (yellow) of 
miRNA expression. On top: a schematic repre-
sentation of Post-Transcriptional-Gene- 
Silencing in plants: processing of premature 
miRNA by DCL endonuclease and loading of 
miRNA into RISC. Below: various pools of 
miRNAs that are induced, repressed or differ-
entially regulated in response to pathogenic 
fungi (orange), pathogenic bacteria (yellow), 
symbiotic/mutualistic microbes (light green), 
oomycetes (light blue). (For interpretation of 
the references to colour in this figure legend, 
the reader is referred to the web version of this 
article.)   

Fig. 3. Mechanistic representation of the role played by four selected miRNA families in the regulation of auxin signaling and homeostasis. miR393, miR160, miR164 
and miR167 react oppositely towards the pathogenic bacterium Pseudomonas syringae on the left, (Fahlgren et al., 2007; Lee et al., 2017), and the pathogenic fungus 
V. dahliae on the right (Yang et al., 2013b; Hu et al., 2020). miRNAs induced (red) or repressed (blue) in response to one of the two pathogens are indicated on the 
top. Black boxes drawn with dashed lines mark the part of the auxin signaling pathway(s) silenced by miRNA-based targeting of crucial transcripts. Loading in RISC 
(AGO) shown only when the miRNA is known to be induced (red) in response to a pathogen. ARE - Auxin Responsive Element; ARF - Auxin Response Factor; Aux/IAA 
- Auxin/Indole Acetic Acid protein; NAC - NAM- no apical meristem, ATAF1/2- Arabidopsis transcription activation factor, and CUC- cup-shaped cotyledon; 
TIR1/AFB - Transport Inhibitor Response1 (TIR1)/Auxin-signalling F-Box (AFB) auxin co-receptors. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 
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miR393 overexpression in Arabidopsis confers resistance towards the 
biotrophic oomycetes Hyaloperonospora arabidopsidis (Rob-
ert-Seilaniantz et al., 2011), Phytophthora capsici (Hou et al., 2019) and 
the hemibiotrophic bacterium Pseudomonas syringae (Fahlgren et al., 
2007), while, in contrast, these plants rendered susceptible to 
necrotrophic pathogens such as Alternaria brassicicola (Rob-
ert-Seilaniantz et al., 2011). Similarly, in Nicotiana tabacum, miR393 
was induced by the gall-forming, but not by the avirulent Agrobacterium 
tumefaciens (Pruss et al., 2008) and in soybean by Phytophthora sojae 
(Wong et al., 2014). Increase in miR393 was observed in roots of sus-
ceptible and resistant cultivars, and it was also induced in roots treated 
with heat-inactivated P. sojae cells, further showing that this miRNA is 
responsive to MAMPs. In maize, expression of miR393 was increased in 
response to the hemibiotrophic fungus Colletotrichum graminicola 
(Balmer et al., 2017). Consistent with the above observations, miR393 
down-regulation was instead found in eggplant challenged with Verti-
cillium dahliae (Yang et al., 2013b), suggesting that this is a plant defence 
strategy. Indeed, blocking auxin transport or treating the seedlings with 
SA or IAA resulted in enhanced susceptibility to this necrotrophic fun-
gus. Overall, the above reports suggest a pattern in which miR393 is 
up-regulated by MAMPs, bacterial infection, oomycetes and fungi with 
biotrophic and hemibiotrophic lifestyle and down-regulated by fungi 
with a necrotrophic lifestyle. Being one of the few miRNAs responsive to 
different types of biotic stresses and involved in modulation of auxin 
signalling pathways, we depicted its role upon plant exposure to Pseu-
domonas syringae (Fahlgren et al., 2007; Lee et al., 2017) and Verticillium 
dahliae (Yang et al., 2013b; Hu et al., 2020) in more detail in Fig. 3. 

miR393 also orchestrates a shift in the production of tryptophan- 
originating secondary metabolites, such are IAA, camalexin (CL) and 
indole glucosinolates (IG) (Sugawara et al., 2009; Zhao et al., 2002). 
Even though CL and IG have anti-microbial properties, CL is more 
effective against necrotrophic fungi through damaging the cell mem-
brane, and IG against insects, biotrophic pathogens and bacteria (Rob-
ert-Seilaniantz et al., 2011). Additionally, miR393 is a positive regulator 
of isoflavonoid biosynthesis, whose activation enhances defence re-
sponses due to their direct antimicrobial activity (Wong et al., 2014). 
These findings together show that miRNA393 is a tool for proper 
fine-tuning of hormone balance and secondary metabolites, which is 
crucial for a situation-appropriate response against pathogens and pests. 

miR393 was also among the 24 out of a total of 153 miRNAs iden-
tified that were responsive to the biotrophic powdery mildew pathogen 
Blumeria graminis (Xin et al., 2010). Interestingly, miR393 was differ-
entially expressed in near-isogenic wheat lines JD8 and JD8-Pm30 (the 
latter containing the powdery mildew R gene Pm30), which further 
strengthens the importance of this miRNA in plant defense responses 
(González-Lamothe et al., 2012). 

Of note, the complementary miR393b* plays a role in resistance 
against bacterial infection upon AGO2 loading (Zhang et al., 2011). 
Induction of the AGO2-miR393* module, which targets and 
down-regulates the Golgi-localized SNARE gene MEMB12, was observed 
after P. syringae inoculation in Arabidopsis and results in an increase in 
secretion of pathogenesis-related protein PR1. Thus, this 
miRNA/miRNA* duplex serves as an example of layered immunity 
regulation through different members of the AGO family in Arabidopsis. 

3.2. miR160 and miR167 enhance MAMP responses by interfering with 
Auxin Response Factors 

Like miR393, miR160 and miR167 regulate auxin signaling path-
ways, though by directly targeting ARFs (Ulmasov et al., 1999). Several 
studies have shown that miR160 (encoded by MIR160a/b/c in Arabi-
dopsis) is up-regulated in biotic interactions, leading to differential 
regulation of ARF10, ARF16 and ARF17 (Rhoades et al., 2002). miR160 
was up-regulated as early as 3 h after P. syringae inoculation (Fahlgren 
et al., 2007) or treatment with flg22 (Li et al., 2010b), suggesting that 
this miRNA also regulates auxin signaling in response to MAMPs. 

Similarly, miR160 induction was observed in rice infected with Mag-
naporthe oryzae (Li et al., 2014) and overexpressing miR160 enhanced 
resistance to the hemibiotrophic fungus. To add an additional layer of 
complexity on miR160 function in biotic stress, its down-regulation was 
observed in the loblolly pine (Pinus taeda) infected with pine-oak rust 
Cronartium quercuum, although no corresponding target up-regulation 
was recorded (Lu et al., 2007). Slight down-regulation of miR160 in 
eggplant challenged with V. dahliae was found by Yang et al. (2013b), 
suggesting that fine modulation of the miR160-ARF module is crucial for 
proper response to pathogenic microorganisms. 

miR167, encoded by MIR167a-d in Arabidopsis, targets other mem-
bers of the ARF family, namely ARF6 and ARF8 (Jones-Rhoades et al., 
2006). Like miR167, miR160 is induced upon P. syringae and flg22 
treatment (Fahlgren et al., 2007; Li et al., 2010b), while it was 
down-regulated in eggplant when challenged with the pathogenic fun-
gus V. dahliae (Yang et al., 2013b). Overall, differential regulation of 
auxin signaling by miRNAs such as miR160, miR167, miR393 and 
miR164, depicted in Fig. 3, reinforces the importance of the interplay 
between biotic stress-responding miRNAs and their role in hormonal 
signaling, and also seems to be a common strategy used by plants to 
coordinate their immune response (Jones-Rhoades et al., 2006). 

3.3. miR164 affects the auxin homeostasis and plant cell death responses 
by interacting with NAC domain transcription factors 

miRNA164 potentially targets five members of the NAC (NAM- no 
apical meristem, ATAF1/2- Arabidopsis transcription activation factor, 
and CUC- cup-shaped cotyledon) domain-encoding transcription factor 
(TF) genes in Arabidopsis and other plants (Guo et al., 2005; Baker et al., 
2005; Sieber et al., 2007). Among them, NAC1 positively regulates 
lateral root development through auxin signaling, whereby 
auxin-inducible miR164 controls NAC1 transcription levels (Guo et al., 
2005). Up-regulation of this miRNA was observed in cotton and rice in 
response to both V. dahliae and M. oryzae (Hu et al., 2020; Li et al., 
2014). Further characterization of the miR164-NAC100 module in cot-
ton showed that miR164 directly cleaved NAC100 mRNA in response to 
V. dahliae infection. Moreover, miR164, as well as knockdown of 
NAC100 positively regulated resistance to this fungus, indicating that 
miR164-NAC100 modulates plant defense through RNAi (Hu et al., 
2020). 

Differential miR164 up-regulation in response to M. oryzae was 
observed in a resistant vs. susceptible near-isogenic rice lines, corre-
lating with lower expression of the target gene Salicylic acid-induced 
protein 19 (Os12g4168), further hinting to a critical role of the miRNA- 
target gene in plant immunity (Li et al., 2014). Consistent with this, in 
Arabidopsis, miR164 and its target gene NAC4 play essential roles in the 
regulation of the hypersensitive cell death response (HR) (Lee et al., 
2017). NAC4 expression was induced by bacterial pathogens after 
miR164 down-regulation. LURP1, WRKY40 and WRKY54, regulated by 
NAC4, are negative regulators of cell death. Therefore, miR164 is 
involved in fine-tuning the cell death response. The target gene of 
miR164 in wheat, TaNAC21/22, negatively regulates resistance of 
wheat to stripe rust (Puccinia striiformis; Feng et al., 2014). 

3.4. miRNA166 is used by cotton plants to interfere with V. dahliae 
virulence 

miR166, like miR165, targets mRNAs encoding Class III 
Homeodomain-Leucine Zipper Gene Family Members (HD-ZIPIII) that 
have overlapping, antagonistic and distinct roles in Arabidopsis devel-
opment (Prigge et al., 2005; Miyashima et al., 2011). Interestingly, 
miR166 was found in the context of cross-kingdom RNAi (Weiberg et al., 
2013), where pathogens and plants use sRNAs to influence the outcome 
of an interaction in their favor via RNAi. Roots of cotton (Gossypium 
hirsutum) and Arabidopsis showed an increase in accumulation of 
miR166 when infected with V. dahliae (Zhang et al., 2016). 
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Furthermore, this miRNA was exported to fungal hyphae to reduce 
fungal virulence by silencing a gene encoding a Calcium-dependent 
cysteine protease (Clp-1), involved in microsclerotium formation. 
Up-regulation of miR166 was also observed in roots from susceptible 
and resistant soybean in response to P. sojae at early interaction stages 
(Wong et al., 2014). Treatment with heat-inactivated P. sojae cells pro-
duced the same effect as P. sojae infection, indicating that miR166, like 
many other miRNAs, is responsive to MAMPs. On the contrary, in 
response to C. graminicola in maize, miR166 showed down-regulation 
(Balmer et al., 2017). 

3.5. miR168 controls AGO1 homeostasis and thereby affects the mRNA 
level of targets of other miRNAs 

AtAGO1 encodes the crucial enzyme of the miRNA pathway and the 
RISC (RNAi-induced silencing complex) and is regulated by miR168- 
mediated AGO1-catalyzed mRNA cleavage (Vaucheret et al., 2006). 
Thus, AGO1 homeostasis and its availability to silence miRNA targets 
depends on the AGO1-miR168 module, which influences the mRNA 
level of other targets of miRNA-based regulation. In addition, AGO1 
homeostasis requires transcriptional co-regulation of MIR168 and AGO1 
genes (Vaucheret et al., 2006). 

Consistent with the notion that plant AGO1 is also a key component 
in host-pathogen interactions (Šečić et al., 2019; Zanini et al., 2021), 
many reports show up-regulation of miR168 in response to plant hor-
mones and pathogens (Li et al., 2012). In maize, miR168 is up-regulated 
in response to the hemibiotrophic C. graminicola, but only during the 
necrotrophic stage, while other miRNAs, including miR393, exhibited 
differential expression only during the biotrophic stage (Balmer et al., 
2017). miR168 was also detected in roots of Brachypodium distachyon 
infected with M. oryzae (Zanini et al., 2021), though it was 
down-regulated in soybean roots inoculated with P. sojae (Wong et al., 
2014). These results suggest that fine-tuning of the expression of AGO1 
and the subsequent effect on the RNAi machinery is a common regula-
tory mechanism deployed during a plant-microbe interaction. 

3.6. miR169 is an elicitor-responsive miRNA involved in defense hormone 
homeostasis 

miR169 is another flg22 responsive miRNA that is conserved across 
species (Li et al., 2010b). In Arabidopsis, it targets Heme activator 
protein2 (HAP2), a transcription factor that forms a complex together 
with HAP3 and HAP5, recognizing the CCAAT motif, which is widely 
found in promoters of eukaryotes (Maity and de Crombrugghe, 1998; 
Combier et al., 2006). HAP2 dampens the expression of Indole-3-pyruvate 
monooxygenase Yucca2 (YUC2) by direct interaction with the YUC2 
promoter, thus regulating auxin biosynthesis (Zhang et al., 2017). In 
maize, the target of miR169 encodes Allene oxide synthase, an enzyme 
involved in JA biosynthesis. Down-regulation of miR169 in response to 
C. graminicola infection leads to up-regulation of its target, thus 
enhancing JA production (Balmer et al., 2017). This key position of 
miR169 in hormone homeostasis and biotic stress regulation is reflected 
by i. a considerable number of loci encoding this miRNA in Arabidopsis, 
ii. four mature miRNA sequences and iii. its target genes being involved 
in many processes related to stress-response, development and defense 
signaling (Zhang et al., 2017). 

3.7. miR398 regulates reactive oxygen species (ROS) in response to 
abiotic and biotic stresses 

In eukaryotes, environmental stress leads to the production of ROS 
(Hückelhoven and Kogel, 2003). ROS accumulation, known as oxidative 
burst, is a common early plant response to infection by bacteria and 
fungi (Lamb and Dixon, 1997). Among other enzymes, superoxide dis-
mutases (SODs) regulate the oxidative burst by catalyzing the conver-
sion of the highly reactive superoxide anion ⋅O2

− into H2O2 and O2. Some 

members of the SOD family, such as Zn/Cu superoxide dismutase 1 and 2 
(CDS1, CDS2) and cytochrome c oxidase (COX5b.1) are targets of 
miR398 (Jones-Rhoades and Bartel, 2004; Sunkar and Zhu, 2004). Apart 
from differential regulation after abiotic stress (Jagadeeswaran et al., 
2009; Loreti et al., 2020), miR398 is down-regulated in Arabidopsis in 
response to flg22 and infection with P. syringae (Jagadeeswaran et al., 
2009; Li et al., 2010b). Through control of SODs, miR398 negatively 
regulates H2O2-dependent callose deposition and PTI (Li et al., 2010b), 
and overexpression of miR398 renders plants more susceptible to 
P. syringae infection. On the contrary, M. oryzae infection up-regulated 
miR398 in both susceptible and resistant rice varieties and its over-
expression conferred resistance to the hemibiotrophic fungus, probably 
due to activation of defense genes (Li et al., 2014). 

3.8. miRNAs targeting NBS-LRR class of R genes 

Pattern recognition receptors (PPRs) sense microbial MAMPs on the 
cell surface and trigger PTI (Dodds and Rathjen, 2010). Other type of 
receptors, encoded by resistance (R) genes are inside the cell and sense 
pathogen effectors to trigger effector-triggered-immunity (ETI). These 
intracellular receptors contain nucleotide-binding (NB) and 
protein-binding leucine-rich repeat (LRR) domains. The N-terminal 
domain of these NB-LRR proteins are often armed with a TIR (Toll 
interleukin-1 receptor) or CC domain (coiled-coil). NB-LRR proteins 
recognize bacterial, fungal, oomycete, insect and viral effectors, thereby 
inducing plant defense (Dodds and Rathjen, 2010; Li et al., 2012). 

miR482 is a 22 nt long miRNA (Li et al., 2010a) that contains 
asymmetric bulges in its miRNA/miRNA* duplex, leading to the pro-
duction of 21 nt secondary siRNAs by RNA-dependent RNA polymerase 
RDR6 and DCL4 (Zhu et al., 2013). Some of its predicted targets are R 
genes (Li et al., 2010a). Infection with P. syringae represses miR482 in 
tomato plants and the concomitant induction of R genes protects the 
plant from the pathogen attack (Shivaprasad et al., 2012). Likewise, 
repression of this miRNA was observed in soybean infected with P. sojae 
(Wong et al., 2014). Consistent with this tendency, miR482 was 
down-regulated in the interaction of cotton and V. dahliae, probably 
leading to de-repression of R genes rapidly after infection (Zhu et al., 
2013). 

Remarkably, other 22 nt miRNAs targeting the NBS-LRR class of R 
genes have been found to be abundant and diverse in legumes and So-
lanum species (Zhai et al., 2011; Shivaprasad et al., 2012). miR482, 
miR2109 and miR1507 trigger the production of 21 nt secondary siRNAs 
by recruiting RDR6 and DCL4, amplifying the silencing event (Chen 
et al., 2010; Cuperus et al., 2010). Diversifying this secondary siRNA 
pool to target continuously evolving R genes seems to be an effective 
strategy to regulate R gene expression (Li et al., 2012). Additional ex-
amples of these 22 nt miRNAs are: miR2118 (the passenger strand of 
soybean miR482), which targets the conserved P-loop motif of 
TIR-NBS-LRR, miR2109 targeting TIR-1 motif of TIR-NBS-LRR, and 
miR1507 which targets the kinase-2 motif of CC-NBS-LRR (Zhai et al., 
2011). miR2109 and miR1507 were induced in soybean only upon 
P. sojae infection but not by heat-inactivated P. sojae cells, hinting to a 
role in ETI (Wong et al., 2014). Up-regulation of these miRNAs keeps 
NB-LRR genes at low levels, while quick reversion of this process results 
in rapid expression of R genes, especially in response to infection (Wong 
et al., 2014). Importantly, in case of pathogen effectors suppressing 
RNAi, up-regulation of the miRNA targets (R genes in this case) would 
take place, thus endowing the plant with a plethora of R proteins to 
combat the pathogen (Shivaprasad et al., 2012). 

3.9. miRNAs involved in growth and development also change upon biotic 
interactions 

In the vegetative phase of Arabidopsis growth, miR156 and miR172 
regulate the juvenile-to-adult transition (Wu et al., 2009). miR156 is 
highly expressed in the juvenile phase while miRNA172 follows the 
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opposite expression pattern and promotes adult traits. miR156 targets 
10 Squamosa promoter binding protein like (SPL) transcription factors 
(Wu et al., 2009), which have different roles in plant development. SPL9 
promotes the transcription of MIR172 and the corresponding miRNA 
targets the Apetala2-like transcription factors, which repress flowering 
(Wu and Poethig, 2006; Wu et al., 2009). Several studies show 
miRNA156 down-regulation when the plant was challenged by fungal 
pathogens. Infection with C. quercuum and B. graminis down-regulates 
miR156 in Pinus taeda and wheat, respectively (Lu et al., 2007; Xin 
et al., 2010). Lu et al. (2007) analyzed the infection site and the region in 
the stem above the infection site. Interestingly, they found that the 
miRNA targets, SPLs, were up-regulated above the infection site, 
possibly to limit the fungal growth by activating development and 
growth genes. 

Li et al. (2014) found up-regulation of miR172 in either resistant or 
susceptible rice varieties in response to M. oryzae. Similarly, several 
studies show that nitrogen fixing bacteria up-regulate this miRNA in 
legumes (Subramanian et al., 2008; Wang et al., 2014; Lelandais-Brière 
et al., 2009; Nova-Franco et al., 2015). 

Among the hundreds of members of the MYB transcription factors in 
Arabidopsis, five of them have a complementary region to miR159 
(AtMYB101, AtMYB104, AtMYB33, AtMYB65 and At3g60460) (Rhoades 
et al., 2002). The MYB transcription factors are involved in several 
processes in plants, such as development, defense, metabolism and 
response to biotic and abiotic stress (Ambawat et al., 2013). Interest-
ingly, miR159 is also up-regulated in V. dahliae infected cotton and 
Arabidopsis, like miR166, and silences the VdHiC-15 virulence gene in 
the fungus (Zhang et al., 2016). Apart from this study, other reports 
showed that miR159, similar to miR156, was down-regulated in wheat 
and pine infected with B. graminis and C. quercuum, respectively (Xin 
et al., 2010; Lu et al., 2007). 

3.10. miRNAs in mutualistic interactions between plants and beneficial 
microbes 

Recent advances in in silico analysis approaches have elucidated a 
crucial role for miRNA-based regulation in legumes, which can form 
mutualistic symbiosis relationships with two major mutualist groups of 
organisms: nodule-forming nitrogen fixing bacteria (NFB) and arbus-
cular mycorrhizal fungi (AMF) (Bazin et al., 2013). Symbiotic inocula-
tion and nodule development during colonization by NFB is one example 
of a plant-mutualist interaction process that has been shown to depend 
on miRNA regulation (de Luis et al., 2012). For example, miR172, tar-
geting the Apetala2 (AP2) transcription factor was increased during 
infection of Phaseolus vulgaris with Rhizobium etli (Nova-Franco et al., 
2015). Equally, miR172 was highly up-regulated during nodule devel-
opment in soybean colonized by Bradyrhizobium japonicum, where it 
targets NNC1 (Nodule Number Control1) to regulate nodule formation 
(Wang et al., 2014). In contrast, a negative effect of miR396 over-
expression in Medicago truncatula on R. irregularis mycorrhizal coloni-
zation has also been reported (Bazin et al., 2013). 

Following the trend of miRNA-based regulation of auxin signalling in 
response to interaction with pathogenic microbes, several miRNAs 
modulating the auxin response also show differential regulation in 
interaction with mutualists. B. japonicum induces miR393 in soybean 
roots, facilitating an interplay of auxin signalling and miR393 expres-
sion during nodulation (Subramanian et al., 2008). In contrast, the role 
of miRNA-based auxin regulation in symbiosis was further cemented by 
showing the down-regulation of miR393 during arbuscular mycorrhizal 
(Rhizophagus irregularis) root colonization in tomato, Medicago 
(M. truncatula) and rice (Etemadi et al., 2014). Moreover, differential 
regulation of miR160 was found in soybean and Medicago in symbiosis 
with B. japonicum and Sinorhizobium meliloti, respectively (Subramanian 
et al., 2008; Lelandais-Brière et al., 2009), further substantiating the role 
of auxin signalling in nodulation. miR160 was up-regulated in Medicago 
but, on the contrary, down-regulated in soybean. Lastly, increased levels 

of miR167 were also found in nodules of M. truncatula inoculated with 
S. meliloti (Lelandais-Brière et al., 2009). miR164 was down-regulated in 
soybean inoculated with B. japonicum, expanding the regulation to auxin 
homeostasis during nodulation (Subramanian et al., 2008). Supporting 
this hypothesis, D’haeseleer et al. (2011) observed differential regula-
tion of miR164-NAC1 in M. truncatula inoculated with S. meliloti. 

Up-regulation of miR169 has been found to be crucial for nodulation 
in M. truncatula- S. meliloti symbiosis (Combier et al., 2006), with its 
expression increased in mature nodules, restricting the expression of its 
target HAP2 to the meristematic zone. In contrast, down-regulation took 
place in soybean a few hours post inoculation with B. japonicum (Sub-
ramanian et al., 2008). Further miRNAs proposed to be involved in 
nodulation regulation are miR166, shown to be down-regulated in 
soybean-B. japonicum interaction (Subramanian et al., 2008), miR398, 
which accumulated in the colonization zone in M. truncatula-S. meliloti 
interactions (Lelandais-Brière et al., 2009) and miR482, whose expres-
sion increased over time in soybean inoculated with B. japonicum (Li 
et al., 2010a). 

A set of known and novel miRNAs, including those from the miR156 
family, was detected in Oncidium orchid roots when colonized with the 
mutualistic endophyte Serendipita indica, including miRNAs with targets 
involved in root growth and development, auxin signalling, hormone 
signal transduction and defence (Ye et al., 2014). Several miRNAs, 
including miR156, miR167 and miR168, were also found up-regulated 
in tomato roots in response to colonization by the endophyte Pochonia 
chlamydosporia, with predicted targets in pathways related to plant 
defence and apoptosis regulation (Pentimone et al., 2018). Further 
research is needed to elucidate the role of miRNAs in mutualistic 
plant-fungus interactions before we can answer the question of whether 
miRNAs are essential for this type of symbiosis. 

4. miRNAs and agronomic application – potential for 
environmentally friendly plant protection 

dsRNA-generating corn (commercial name SmartStax PRO), pro-
duced to target western corn rootworm (Diabrotica virgifera virgifera, DV) 
was approved by the Canadian Food Inspection Agency (CFIA) in 2016 
and by the US Environmental Protection Agency (EPA) in 2017, making 
it the first RNAi-based crop protection strategy successfully introduced 
into commercial use. The dsRNA is designed to target the Sucrose non- 
fermenting 7 (DvSnf7) gene (Bolognesi et al., 2012), and the resistance 
is further mediated by two insecticidal Bacillus thuringiensis (Bt)-derived 
proteins (Head et al., 2017). While SmartStax PRO is a good example of 
an HIGS-based protection strategy, integrated with chemical-based 
protection, such applications are limited in many other crop plants, 
including many fruit trees, vegetables and flowers (Capriotti et al., 2020; 
Imani and Kogel, 2020), due to a lack of efficient transformation tech-
nologies. Furthermore, consumer resistance to genetically modified 
(GMO) products is still present in many societies, resulting in GMOs 
being currently banned in European agriculture (Kleter et al., 2018). 
Under these circumstances, it is interesting to note the previous obser-
vation that fungal pathogens Botrytis cinerea and Fusarium graminearum 
can efficiently take up environmental dsRNAs and sRNAs duplexes, 
which induce the silencing of pathogen genes with complementary se-
quences (Koch et al., 2016; Wang et al., 2016). Thus, Spray-Induced 
Gene Silencing (SIGS), is a non-GMO alternative to HIGS (Cai et al., 
2018; Šečić and Kogel, 2021). 

Since many miRNAs have highly relevant roles in promoting toler-
ance to abiotic and resistance to biotic stress, and also contain the 
inherent potential to improve agronomically relevant developmental 
processes such as flowering, plant height and seed production (Zheng 
and Qu, 2015; Tang and Chu, 2017), utilization of plant miRNAs in crop 
protection seems like an obvious addition to the already existing 
RNAi-based strategies. A strategy using miRNAs could target different 
molecular mechanisms: i. the constitutive or induced expression of MIR 
genes, ii. the use of miRNA-resistant target genes, and iii. artificial 
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miRNAs or target mimics (Zhou and Luo, 2013). For example, intro-
duction of mutations in the SPL14 target site for miR156 in rice resulted 
in changes in plant architecture and enhanced grain yield (Jiao et al., 
2010; Miura et al., 2010). Another example of an effect that absence of a 
proper miRNA target site can have on the phenotype is the over-
expression of soybean (Glycine max) NF-YA (HAP2) without a 3′ UTR, 
where miR169 would usually bind, which conferred increased drought 
tolerance in Arabidopsis (Ni et al., 2013). On the other hand, over-
expression of a miRNA itself can improve plant traits, as shown in rice, 
where overexpression of miR319, which targets two members of a 
transcription factor family PCF/TCP (Teosinte branched/Cycloi-
dea/PCF; PCF5 and PCF8), resulted in enhanced cold tolerance (Yang 
et al., 2013a). As mentioned above, overexpression of miR393 in Ara-
bidopsis enhanced resistance against biotrophic pathogens and in turn 
increased susceptibility to necrotrophs (Navarro et al., 2006; Fahlgren 
et al., 2007; Robert-Seilaniantz et al., 2011; Hou et al., 2019), rein-
forcing the necessary elucidation of the miRNA role and effect before 
application considerations. Artificial miRNAs (amiRNAs) produced from 
native miRNA precursor backbone conferred resistance to Cucumber 
mosaic virus (CMV) in tobacco (Qu et al., 2007). Lastly, target mimicry 
has been shown as an effective mechanism for sequestration of native 
miRNAs, in the case of non-coding gene IPS1, which sequesters miR399 
from its target mRNA PHO2 (Phosphate 2; Franco-Zorrilla et al., 2007). 
This mechanism has been highlighted for its potential in introducing 
artificial target mimics that would sequester miRNAs that are negative 
regulators of desired enhancements (Gupta, 2015). A collection of target 
mimics in Arabidopsis was created (Todesco et al., 2010), along with 
several other options for inhibition of miRNA silencing activity, 
including molecular miRNA sponges and short tandem target MIMICs 
(STTMs) (Reichel et al., 2015). Excitingly, a CRISPR/Cas9-mediated 
genome editing technology has also been applied to targeted miRNA 
knock-downs (Chang et al., 2016). Taking all the available methods for 
miRNA/target recognition and expression manipulation, together with 
the abundance of information about stress response and development 
modulation that miRNA studies can provide, it is evident they are a 
crucial and useful tool in current and future agronomic applications. 

5. miRNA discovery and analysis through bioinformatics 
approaches 

Novel miRNA discovery and identification of conserved miRNA 
family members and their targets in non-model plant species and staple 
crops is of high importance for elucidation of the complex roles miRNAs 
can play in plants. Considering that their discovery, as well as target 
prediction is based on computational and prediction approaches, there is 
a multitude of available bioinformatics tools for miRNA analysis 
(reviewed in Chen et al., 2019). For example, tools like ShortStack 
(Axtell, 2013), miRA (Evers et al., 2015) and miRkwood (Guigon et al., 
2019) are used for plant miRNA identification and MIR gene annotation. 
Because of a possible differential expression patterns of miRNAs and 
their targets in temporal and tissue-specific manner, the small RNA 
datasets used for these analyses should be as encompassing as possible. 

Besides miRNA identification, target prediction is the second 
bottleneck of bioinformatics approaches, for which there are several 
tools available, the most wide-spread being TAPIR (Bonnet et al., 2010) 
and psRNATarget (Dai et al., 2018). An ongoing discussion about 
miRNA targets is based on opposing views of targets being a few major, 
highly relevant transcripts, validated by binding site modifications and, 
in contrast, a large network of targets that is modulated by miRNA 
silencing, hypothetically validated by simultaneous mutation of a large 
set of targets (Lai, 2015). 

Lastly, the predicted miRNAs and their effect on the mRNAs have to 
be validated by experimental approaches, including stem-loop PCR, 
Northern blotting, degradome analysis and quantitative RT-PCR (Chen 
et al., 2005; German et al., 2009; Riolo et al., 2021). Importantly, in-
tegrated sequencing approaches that consider transcriptome, sRNA and 

degradome data have been proven crucial for discovery of miRNA roles 
(Jin et al., 2020). Evidently, miRNA research supported by improved 
and optimized predictions and sequencing analysis pipelines hugely 
benefit the validation strategies, aiming towards a routine detection of 
(all) the needle(s) in the transcriptomic haystack. 

6. Conclusion 

As diverse as miRNAs can be in response to developmental and 
abiotic triggers, so too are their responses to different microbes. A range 
of conserved and microbe-specific interactions from which useful con-
clusions can be drawn about function and target conservation are yet to 
be investigated. While we are still some steps away from widespread use 
of miRNA-based regulatory modifications to improve plant protection 
strategies, the full picture of involved networks, hormonal regulation 
and the interplay between immunity and developmental processes is 
gradually becoming clearer. 
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fundamental sRNA and gene expression
reprogramming at the onset of symbiosis
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Abstract

Background: Beneficial associations between plants and microbes are widespread in nature and have been studied
extensively in the microbial-dominant environment of the rhizosphere. Such associations are highly advantageous
for the organisms involved, benefiting soil microbes by providing them access to plant metabolites, while plant
growth and development are enhanced through the promotion of nutrient uptake and/or protection against
(a)biotic stresses. While the establishment and maintenance of mutualistic associations have been shown to require
genetic and epigenetic reprogramming, as well as an exchange of effector molecules between microbes and
plants, whether short RNAs are able to effect such changes is currently unknown. Here, we established an
interaction between the model grass species Brachypodium distachyon (Bd, Pooideae) and the beneficial fungal root
endophyte Serendipita indica (Si, syn. Piriformospora indica, Sebacinales) to elucidate RNA interference-based
regulatory changes in gene expression and small (s)RNA profiles that occurred during establishment of a
Sebacinalean symbiosis.

Results: Colonization of Bd roots with Si resulted in higher grain yield, confirming the mutualistic character of this
interaction. Resequencing of the Si genome using the Oxford Nanopore technique, followed by de novo assembly
yielded in 57 contigs and 9441 predicted genes, including putative members of several families involved in sRNA
production. Transcriptome analysis at an early stage of the mutualistic interaction identified 2963 differentially
expressed genes (DEG) in Si and 317 in Bd line 21-3. The fungal DEGs were largely associated with carbohydrate
metabolism, cell wall degradation, and nutrient uptake, while plant DEGs indicated modulation of (a)biotic stress
responses and defense pathways. Additionally, 10% of the upregulated fungal DEGs encode candidate protein
effectors, including six DELD proteins typical for Sebacinales. Analysis of the global changes in the sRNA profiles of
both associated organisms revealed several putative endogenous plant sRNAs expressed during colonization
belonging to known micro (mi)RNA families involved in growth and developmental regulation. Among Bd- and Si-
generated sRNAs with putative functions in the interacting organism, we identified transcripts for proteins involved
in circadian clock and flowering regulation as well as immunity as potential targets of fungal sRNAs, reflecting the
beneficial activity of Si.
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Conclusions: We detected beneficial effects of Si colonization on Bd growth and development, and established a
novel plant-mutualist interaction model between these organisms. Together, the changes in gene expression and
identification of interaction-induced sRNAs in both organisms support sRNA-based regulation of defense responses
and plant development in Bd, as well as nutrient acquisition and cell growth in Si. Our data suggests that a
Sebacinalean symbiosis involves reciprocal sRNA targeting of genes during the interaction.

Keywords: Brachypodium distachyon, Genome sequencing, Sebacinalean symbiosis, Serendipita indica, Small RNAs

Background
Mutualistic associations between beneficial microbes
and plants are widespread and highly advantageous, es-
pecially in the microbial-dominant environment of the
rhizosphere. This relationship benefits soil microbes by
providing them access to plant metabolites; in return,
they enhance plant growth and development by promot-
ing nutrient uptake and/or protection against (a)biotic
stresses [1, 2]. The beneficial or parasitic outcome of a
plant-microbe interaction is governed by the genotype
and physiological status of the host, identity of the mi-
crobe, and environmental factors such as soil type and
nutrient availability [3, 4]. The establishment and main-
tenance of mutualistic associations (here called symbi-
osis) require genetic and epigenetic reprogramming and
metabolome modulation by the exchange of effector
molecules between the beneficial microbe and the plant
[5, 6]. Beneficial microbes have a significant impact on
crop production, due to their effects on plant health and
yield. However, considerable gaps in knowledge prior to
their establishment in agricultural practice remain, in-
cluding systemic identification of microbial abundance
and diversity in various ecosystems, understanding the
influence of climate, soil conditions, management prac-
tices, and, lastly, elucidating the intricacies of molecular
mechanisms governing establishment of colonization
and nutrient acquisition [7].
Crucial for regulation of gene expression, RNA inter-

ference (RNAi) is a well-known eukaryotic gene silen-
cing mechanism [8], mediated by small RNAs (sRNAs)
of 20–24 nucleotides (nt) in size and RNAi-associated
proteins, primarily from the Argonaute (AGO), Dicer-
like (DCL) and RNA-dependent RNA polymerase
(RdRP) families [9]. DCLs generate sRNAs from longer
RNA molecules, whereas AGOs bind sRNAs within an
RNA-induced silencing complex (RISC). In the context
of plant-microbe interactions, microbial protein effectors
are known to promote pathogen colonization by sup-
pressing host immune responses [10] and have been de-
scribed in mutualistic associations as well [5], including
the Sebacinalean symbiosis [11]. Recent findings suggest
that sRNAs, through RNAi-based regulatory mecha-
nisms, also can serve as effectors of pathogenic microbes
[12], whereby the sRNA is secreted to suppress transla-
tion of a host mRNA via RNAi. Conversely, plants can

secrete sRNAs that target virulence-associated mRNAs
in the microbe [13]. This transfer of sRNAs and subse-
quent gene silencing in the target organism is called
cross-kingdom RNAi [12].
We studied the association of the beneficial fungus

Serendipita indica (Si) with the model grass Brachypo-
dium distachyon (Bd, purple false brome, Pooideae [14];).
Si is an endophytic fungus belonging to the order Sebaci-
nales that colonizes the rhizodermis and cortex of a large
spectrum of plants [15]. Si serves as an excellent model
for beneficial microbes as it (i) primes plants for disease
resistance against biotrophic [16] and necrotrophic [17]
fungi, oomycetes [18], and viruses [19]; (ii) enhances the
tolerance of plants against abiotic stress [20]; (iii) pro-
motes growth and yield [21]; (iv) has a sequenced 25Mb
genome [22]; and (v) is genetically transformable and cul-
turable in axenic conditions [23]. Si initially undergoes a
biotrophic growth phase during Arabidopsis (Arabidopsis
thaliana) and barley (Hordeum vulgare) colonization, with
suppression of innate immune responses [24, 25] and acti-
vation of induced systemic resistance [16]. Subsequently,
Si colonization of barley enters a cell-death associated
phase and switches to a saprophytic lifestyle [26, 27].
Bd is a temperate grass species belonging to the Pooi-

deae subfamily and a model for genetic studies of stress
resistance and yield parameters of cereals [28]. Bd is
self-pollinating, genetically transformable, easy to culti-
vate, and has a sequenced genome of 272Mb [29–31]. It
shares evolutionary proximity and broad synteny with
complex crop genomes, such as wheat and rice [14], and
is a host for major cereal pathogens [32]. Additionally,
RNAi is operational in Bd, with proven alteration of mi-
cro RNA (miRNA) expression patterns in response to
abiotic stresses [33, 34]. In silico analyses revealed that
the Bd genome, similar to other cereals, contains an
expansion of DCL and AGO families [35].
Currently, the significance of cross-kingdom RNAi in

mutualistic interactions is largely unknown. A recent in
silico study predicted that the arbuscular mycorrhizal
fungus Rhizophagus irregularis generates sRNAs, which
have predicted targets in the host plant Medicago trun-
catula [36]. Moreover, tRNA-derived sRNA fragments
from rhizobial bacteria were shown to regulate host
nodulation-associated genes by utilizing the host's RNAi
machinery [37]. To investigate the role of sRNAs in
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another agronomically relevant mutualistic interaction,
we established a protocol for Si colonization of the
model Pooideae Bd. Additionally, integrative high-
throughput sequencing and transcriptome analysis
assessed symbiosis-associated changes in the mRNA and
sRNA expression patterns of both organisms. We dis-
cuss here possible sRNA-based regulation that might be
critical for the establishment of the Sebacinalean
symbiosis.

Results
Brachypodium distachyon Bd21-3 forms a mutualistic
interaction with Serendipita indica
To investigate whether Bd can develop a beneficial inter-
action with Si, we established an inoculation protocol
using one-week-old seedlings of Bd line Bd21-3, with
dip-inoculation in 5 × 105 chlamydospores ml−1 for 3 h.
Comparison of grain production in fully mature, colo-
nized vs. non-colonized plants grown in soil showed that
Si increased the number of filled grains/plant by 49.9%
(Fig. 1a, Additional file 1), and total grain weight/plant
increased by 38.1% (Fig. 1b, Additional file 1). Consistent
with the observation that Si-colonized Bd21-3 plants
flower several days earlier than control plants, they ex-
hibited a 32.2% increase in the number of spikelets at 2
months after inoculation (Fig. 1c, Additional file 1).
Concordantly, growth and biomass analyses of Bd21-3
seedlings revealed a significant 8.6% increase in shoot
length (Fig. 1d) upon Si colonization.
Further analysis of Bd21-3 seedlings indicated that Si

colonization increased lateral root growth, as early as 4
days post inoculation (4 DPI, Additional file 2: Figure
S1a). By 25 DPI, roots showed a more extensively
branched structure (Additional file 2: Figure S1b).
Microscopy of Si-inoculated Bd21-3 roots confirmed
root surface colonization and proliferation of fungal
spores after staining with chitin-specific WGA-AF 488
at 4 DPI (Fig. 2a–d) and further on at 7 DPI and 14 DPI
(Additional file 2: Figure S2). Inter- and intracellular
colonization of Bd21-3 cells in the root differentiation
zone also was visible after WGA-AF 488 and propidium
iodide staining (Fig. 2e–h). These results suggest that es-
tablishment of a mutualistic symbiosis correlates with
observable phenotypic changes by 4 DPI; thus, this time
point was used to further investigate the Bd21-3-Si
system.

Resequencing of the Si genome
To improve Si assembly, the genome was resequenced
using MinION (25,167 reads, 324Mb) and MiSeq
(18,225,814 reads, 5.46 Gb); together they yielded
approx. 6.0 Gb of sequence information. De novo assem-
bly of the Nanopore sequence reads generated 57 con-
tigs, accounting for a total length of 24.7 Mb and a N50

of 1.3Mb. The draft genome sequence features GC con-
tent of 50.8%, similar to the first genome version with
2,359 contigs and GC content of 50.7% [22]. Analyses
using the eukaryotic gene prediction tool Genemark-ES
4.33 [38] revealed 9441 predicted genes (75% of the gen-
ome; 59,045 exons), 9498 intergenic regions (25% of the
genome), and a gene density of 380.68 genes/Mbp
(Additional file 2: Table S1). Annotation of the Si genes
using a GenDB version designed to process eukaryotic
genomes possessing multi-exon genes [39, 40] revealed
that 4756 have a predicted function. Comparison of pre-
dicted genes from the resequenced Si genome (Si-2020)
vs. the 2011 assembly [22] indicated that the vast major-
ity are shared (90.3%), with 915 genes unique to the Si-
2020 genome (Additional file 2: Figure S3). There is a re-
duction in gene model numbers relative to the 2011 as-
sembly, which can be attributed to improved gene
prediction tools for eukaryotic organisms and a consid-
erably reduced number of contigs. Additionally, Si shares
2585 genes with another member of the Sebacinales, Ser-
endipita vermifera, while 156 genes are shared only with
the ectomycorrhizal fungus Laccaria bicolor and 2729
genes are common in all three species (Additional file 2:
Figure S4).

Establishment of the Si-Bd symbiosis is associated with
extensive transcriptional reprogramming
To assess how the symbiotic interaction affects gene ex-
pression in both organisms, mRNA was sequenced and
analyzed (Additional file 2: Table S2) from the roots of
Si-colonized Bd21-3 seedlings (sample Bd-Si) and mock-
treated plants (Bd-C) at 4 DPI, and from 4-week-old
axenic Si cultures (Si-ax). Comparison of reads between
Bd-Si and Si-ax identified 2963 differentially expressed
fungal genes (DEGs, DESeq2: Wald test, Benjamini-
Hochberg (BH) adjustment, padj < 0.05), which accounts
for 31.4% of the 9441 predicted Si genes. Comparison of
reads from Bd-Si and Bd-C revealed 317 plant DEGs
(0.66% out of approximately 47,917 protein-coding tran-
scripts disclosed in the JGI v1.1 annotation, padj < 0.05).
The interaction-responsive DEGs in Si and Bd21-3, split
into up- and downregulated groups are shown in Fig. 3.
All significant DEGs were submitted to gene ontology

term analysis against the reference background for Bd
and a customized Si-specific background. The resulting
enriched terms relate to metabolic, mainly redox pro-
cesses and catalytic activity functions (Additional file 2:
Table S3). Of the 25 highly downregulated Si DEGs,
many encode proteins associated with metabolic repro-
gramming networks involved in nutrient exchange and
adaptation to nutrient availability (Table 1). By contrast,
highly upregulated Si DEGs encode for proteins involved
in fungal catalytic and hydrolytic processes. This sug-
gests that by 4 DPI, Si has entered a saprophytic-like
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growth phase similar to that detected in barley roots
[22]. To investigate whether any Si DEG encodes ef-
fector proteins, a computational pipeline [41] was used
to mine 982 genes identified in the Si-2020 genome that
encode signal peptide-containing proteins, resulting in
480 putative protein effector genes. In total, 174 (36%)
of these were significantly upregulated during

colonization of Bd21-3 (Additional file 2: Table S4),
including six DELD family proteins [22]. In Bd21-3,
many of the highly downregulated interaction-
responsive DEGs encode transcription factors or pro-
teins associated with stress responses or circadian clock
regulation. Those showing high levels of upregulation in-
clude genes linked to immune responses and hormone

Fig. 1 Root colonization by Serendipita indica (Si) increases growth and yield of Brachypodium distachyon (Bd) Bd21-3. a Number of full grains
produced by non-colonized (control) vs. Si-colonized plants. Sample size n = 5. b Total grain weight of control vs. colonized plants. Sample size n
= 5. c Number of spikelets of control vs. colonized plants. Sample size n = 5. d Shoot length of control vs. colonized plants. Sample size n = 20.
The results are from three independent biological replicates that are represented by green, black, and red dots on the scatter graph, individual
data values for 1a–c in Additional File 1. For a and b, 1-week-old seedlings were inoculated with 5 × 105 chlamydospores per ml and grown for
approximately 3 months in F-E type LD 80 soil; for c, spikelets were counted on 2-month-old plants; for d, seedlings were grown for 3 weeks on
a vermiculite:oil dri mixture (semi-sterile conditions). The significance threshold for p values, corrected for multiple testing (Benjamini-Hochberg)
was set at 0.05 (*≤ 0.05) and the Si effect was calculated as ((Mean_Si-Mean_Control)/Mean_Control) × 102)
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Fig. 2 (See legend on next page.)
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(See figure on previous page.)
Fig. 2 Colonization pattern of Serendipita indica (Si) on Brachypodium distachyon Bd21-3 roots. a–d Colonization at 4 DPI. a Fluorescence
microscopy showing WGA-AF488 staining of Si cell walls (λexc494 nm, λem515). b Fluorescence control (λexc631 nm, λem642). c Bright-field
microscopy to visualize Si chlamydospores. d Overlay showing Si chlamydospores (red arrows), which have germinated and formed a hyphal
network on the root surface (blue arrows). e–h Rhizodermal root colonization by Si at 4 DPI. e Fluorescence microscopy showing WGA-AF488
staining of Si cell walls (λexc494 nm, λem515). f Fluorescence microscopy to visualize propidium iodide staining of root cell walls (λexc535 nm,
λem617). g Bright-field microscopy to visualize root cells. h Overlay showing extensive inter- and intracellular fungal growth on Bd21-3 roots.
Imaging was done with a LEICA S8 confocal microscope (e-h: maximum projection; z-stack). For a–d, 1-week-old seedlings were inoculated with
5 × 105 chlamydospores per ml and subsequently grown on a plastic mesh over 0.5X MS; for e–h, Si-inoculated seedlings were grown on
vermiculite:oil dri mix before harvesting at 4 DPI

Fig. 3 Volcano plots of colonization-associated, differentially expressed genes (DEGs). a Serendipita indica (Si) DEGs identified by comparing reads
from colonized roots (Bd-Si) vs. axenic mycelium (Si-ax). b Brachypodium distachyon Bd21-3 DEGs identified by comparing colonized (Bd-Si) vs.
mock-treated (Bd-C) roots. X-axis displays the log2 FoldChange and Y-axis displays the negative log10 of adjusted p values from DE analysis. The
magnitude of up- or downregulation for the DEGs (represented by individual dots) is indicated by different colors, as designated in the legend
for each plot
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Table 1 Top 25 Serendipita indica (Si) differentially expressed genes (DEGs) during colonization (4 DPI)

Gene Description log2FC

1937_g (PIIN_04746) Related to mismatch base pair and cruciform DNA recognition protein HMP1 − 5.84

465_g (PIIN_02587) Related to phenylalanine ammonia-lyase − 5.1

281_g (PIIN_04449) Probable succinate-fumarate transporter − 4.7

1121_g (PIIN_02682) Related to ADY2-protein essential for the acetate permease activity − 4.68

7809_g (PIIN_07312) Related to RTM1 protein − 4.52

2544_g (PIIN_02778) Probable ADH1-alcohol dehydrogenase I − 4.42

4482_g (PIIN_08427) Related to mixed-linked glucanase precursor MLG1 − 4.23

4969_g (PIIN_02119) Related to meiotic nuclear division protein 1 homolog − 3.54

1859_g (PIIN_00204) Probable thioredoxin − 3.45

5786_g (PIIN_00305) Probable DHA14-like major facilitator; ABC transporter − 3.41

4465_g (PIIN_06089) Putative mitochondrial carnitine O-acetyltransferase − 3.36

1392_g (PIIN_11719) Putative alkaline ceramidase 3 − 3.22

8569_g (PIIN_01532) Related to Ca2+-transport (H+/Ca2+ exchange) protein − 3.21

2933_g (PIIN_07440) Related to monocarboxylate transporter 2 − 3.21

758_g (PIIN_02772) Probable TOM40-mitochondrial import receptor MOM38 − 3.19

2855_g (PIIN_07067) Related to l-asparaginase − 3.18

5713_g (PIIN_07616) Related to MFS transporter − 3.17

3225_g (PIIN_08230) Related to RSB1-integral membrane transporter − 3.11

8602_g (PIIN_08742) Putative maintenance of mitochondrial morphology protein 1 − 3.09

917_g (PIIN_03155) Related to YTP1 − 3.05

6928_g (PIIN_00312) Related to nitrogen metabolic regulation protein − 2.96

6930_g (PIIN_00314) Probable malate synthase − 2.94

4348_g (PIIN_03103) Putative ubiquitin-conjugating enzyme D4 − 2.9

6400_g (PIIN_07801) Probable acyl-CoA dehydrogenase short-branched chain precursor − 2.9

5097_g (PIIN_04235) Related to acyl-CoA dehydrogenase − 2.88

5186_g (PIIN_09750) Probable pectate lyase 11.93

8239_g (PIIN_02110) Related to family 61 glucanase 11.29

3289_g (PIIN_05863) Endo-1,4-beta-xylanase 10.75

7464_g (PIIN_04708) Alpha-L-arabinofuranosidase 10.14

5322_g (PIIN_05889) Endo-1,4-beta-xylanase 10.14

1898_g (PIIN_08141) Glutathione S-transferase 9.1

5131_g (PIIN_02752) Cellulose 1,4-beta-cellobiosidase 8.93

3537_g (PIIN_10118) Carboxylic ester hydrolase 8.83

6726_g (PIIN_08399) Probable alpha-galactosidase B 8.29

4844_g (PIIN_06890) Endo-1,4-beta-xylanase A 7.9

8585_g (PIIN_01553) Probable beta-glucosidase 7.88

3597_g (PIIN_06117) Related to endoglucanase B 7.78

5420_g (PIIN_07414) Related to NACHT/WD40 domain-containing protein 7.64

1875_g (PIIN_06862) Rhamnogalacturonan acetylesterase 7.62

6520_g (PIIN_06360) Endo-1,4-beta-xylanase C 7.53

3290_g (PIIN_05862) Probable endo-1,4-beta-xylanase A 7.42

3615_g (PIIN_11270) Probable feruloyl esterase C 7.37

5971_g (PIIN_04536) Probable gEgh 16 protein 7.3

8031_g (PIIN_01484) Related to CEL1 protein precursor 7.2
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signaling networks (Table 2 and Additional file 2: Table
S3). In order to further validate our sequencing data, we
confirmed the expression of five Si and five Bd21-3
DEGs from Tables 1 and 2 by RT-qPCR. Generally, the
qPCR results show a similar fold change for the selected
genes between the colonized root and the respective
controls, compared to the mRNA-seq results (Additional
file 2: Figure S5). Together, these results show that both
organisms utilize a complex enzymatic arsenal to estab-
lish and control the symbiosis.

Prediction of Si RNAi genes
Since RNAi-mediated gene silencing has been docu-
mented in most but not all fungi [42], we assessed
whether the Si-2020 genome encodes RNAi-related
proteins with conserved domain architecture and
homology to RNAi components in the model fila-
mentous fungus Neurospora crassa [43]. Genes encod-
ing predicted DCLs (G4U2H0, G4TBW9) with typical
domains (dsRNA-binding, RNase III and helicase,
[44]), QDE2-like proteins with PIWI domains typical
of AGOs (G4TEK0, G4TLO4, [45]), an AGO-like pro-
tein (G4T5G9), and RdRPs (G4TNU7, G4TQP0) were
identified and were expressed in axenic culture and
Bd21-3-associated Si samples (Additional file 2: Table
S5). Thus, the Si genome is predicted to contain
genes encoding critical components of the RNAi ma-
chinery. Based on these new data, and the earlier dis-
covery that AGO and DCL families are expanded in
the Bd genome [35], we decided to sequence the
sRNAs of both organisms, in order to assess the role
of RNAi-based regulation and communication in
symbiosis.

sRNA profiles undergo a substantial change at the onset
of the Si-Bd symbiosis
To evaluate how the mutualistic interaction affects
the sRNA profiles in the colonized root and respect-
ive Si and Bd controls, reads from Bd-C, Bd-Si, and
Si-ax sRNA data sets were subjected to consecutive
filtering steps (Additional file 2: Figure S6). This
greatly reduced the number of raw reads to be ana-
lyzed and allowed us to distinguish between sRNAs

with potential targets in the interacting organism
(putative ck-sRNAs) and sRNAs with potential func-
tions in the same organism (putative endogenous
sRNAs) (Additional file 2: Table S6).
Analysis of sRNAs from the Bd-Si dataset revealed that

the total number of putative ck-sRNAs exceeds that of
endogenous sRNAs in both Si (786,732 vs. 261,478) and
Bd21-3 (17 million vs. 1.6 million), but the converse is
true for unique sRNAs (36,163 endogenous vs. 35,895
putative ck-sRNAs in Si and 483,352 endogenous vs.
286,198 putative ck-sRNAs in Bd21-3).

Size distribution profiles of Si and Bd21-3 sRNAs
Size distribution of sRNA reads from Bd21-3 and Si
during colonization, and the respective controls was
then assessed. For putative endogenous Bd21-3
sRNAs, peaks at 21 and 24 nt were identified, with
the 24 nt sRNAs exhibiting greater diversity than
those of 21 nt (Fig. 4a, b). These sizes are consistent
with the expected peaks of RNAi-associated sRNAs in
plants [46]. For putative endogenous Si sRNAs, a bi-
modal size distribution pattern was observed in the
total fractions, with the first peak at 26 nt and second
at 29–30 nt (Fig. 4c, d). A smaller peak of 21 nt long
molecules was observed in the Bd-Si but not Si-ax
samples, indicating that colonization affects the rela-
tive size distribution of Si sRNAs. Since previously
identified ck-sRNAs range from 20 to 24 nt [12, 13],
the size distribution of putative ck-sRNAs and corre-
sponding reads in the control samples was assessed
over a narrower window. Contrary to endogenous
sRNAs, ck-sRNAs displayed no prominent peaks in
the 20–24 nt window (Additional file 2: Figure S7).
Before sRNAs can guide RNAi-mediated gene silencing,

they must be loaded onto AGO proteins and assembled
into a RISC. Previously, Arabidopsis AGO proteins were
shown to preferentially recruit sRNAs with specific 5′ ter-
mini [47]. Hence, we analyzed the 5′ terminal nt compos-
ition of Bd-C, Si-ax, and Bd-Si sRNAs. For unique
putative endogenous and ck-sRNAs, the 5′ nt compos-
ition was relatively consistent except for the 24 nt Bd21-3
sRNAs, which exhibited a strong bias towards 5′ A
(Additional file 2: Figure S8, Figure S9). The total sRNA

Table 1 Top 25 Serendipita indica (Si) differentially expressed genes (DEGs) during colonization (4 DPI) (Continued)

Gene Description log2FC

6665_g (PIIN_03039) Probable beta-glucoside glucohydrolase 7.15

720_g (PIIN_06594) Cellulose 1,4-beta-cellobiosidase 7.08

3514_g (PIIN_09664) Glucose oxidase 7.01

290_g (PIIN_04439) Related to peroxisomal short-chain alcohol dehydrogenase 6.97

6967_g (PIIN_00353) Exocellobiohydrolase 3 6.7

1893_g (PIIN_08147) Probable glutathione S-transferase 6.57

DEGs are calculated as: colonized root vs. Si axenic culture exhibiting significant (padj. < 0.05) down- or up-regulation, log2 FC (fold change) during colonization
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Table 2 Top 25 Brachypodium distachyon (Bd) differentially expressed genes (DEGs) during root colonization (4 DPI)

Gene Description log2FC

BdiBd21-3.2G0197800 MYB-related transcription factor − 2.41

BdiBd21-3.5G0123400 ABA/WDS induced protein − 2.14

BdiBd21-3.3G0280400 Putative glycosyltransferase family 28 − 2.06

BdiBd21-3.3G0558500 Putative steroid 17-alpha-monooxygenase − 2.03

BdiBd21-3.3G0660200 AP2 domain-containing protein − 2.02

BdiBd21-3.1G0813200 GRAS transcription factor − 1.96

BdiBd21-3.3G0264400 Homologous to barley constans-like protein CO8 − 1.94

BdiBd21-3.4G0000100 Fantastic four meristem regulator FAF − 1.84

BdiBd21-3.1G0416000 Hydrophobic Protein RCI2 − 1.69

BdiBd21-3.1G0002200 Ca2+-independent phospholipase A2 − 1.67

BdiBd21-3.1G0887100 Putative pseudo-response regulator 7 − 1.64

BdiBd21-3.4G0311800 Dirigent-like protein − 1.6

BdiBd21-3.1G0815300 SPX domain-containing protein 3 − 1.43

BdiBd21-3.1G0972800 Cold regulated protein 27 − 1.42

BdiBd21-3.4G0303000 Putative protein kinase − 1.32

BdiBd21-3.2G0034900 Putative sulfoquinovosyltransferase SQD2 − 1.21

BdiBd21-3.1G0281100 SPX – domain containing protein 3 − 1.23

BdiBd21-3.1G0554700 Anthranilate O-methyltransferase − 1.18

BdiBd21-3.1G0584400 Peroxidase − 1.17

BdiBd21-3.5G0205300 Putative calmodulin-dependent protein kinase − 1.15

BdiBd21-3.2G0749200 Probable lipid transfer LTP2 − 1.13

BdiBd21-3.5G0303700 Wound-induced protein − 1.1

BdiBd21-3.5G0024800 Heat shock protein 90-1 − 1.07

BdiBd21-3.1G0399200 bZIP transcription factor − 1

BdiBd21-3.1G0557300 BURP domain protein − 0.93

BdiBd21-3.3G0203000 Cupin-domain protein 6.13

BdiBd21-3.1G0469800 Glutathione S-Transferase 5.09

BdiBd21-3.4G0405200 Protein Hothead/ FAD binding 4.93

BdiBd21-3.3G0354800 Cytochrome P450 76C1 4.03

BdiBd21-3.3G0136300 Proprotein convertase subtilisin/kexin 3.87

BdiBd21-3.4G0068000 Pathogenesis-related protein Bet v I family 3.86

BdiBd21-3.1G0662500 LRR receptor-like serine/theronine protein kinase 3.57

BdiBd21-3.4G0556000 Alcohol dehydrogenase 3.39

BdiBd21-3.1G0772700 Pathogenesis-related protein 1 (PR1) 3.21

BdiBd21-3.4G0393500 Putative chalcone synthase 2.44

BdiBd21-3.3G0195800 Tryptophan decarboxylase 2.3

BdiBd21-3.4G0171000 Multicopper oxidase 2.28

BdiBd21-3.3G0639500 Glycosyl hydrolase protein/Chitinase-related 2.12

BdiBd21-3.1G0129100 Potato inhibitor I family 2.06

BdiBd21-3.2G0160100 Pipecolate/sarcosine oxidase 2.04

BdiBd21-3.4G0189100 Putative LRR protein kinase 1.99

BdiBd21-3.2G0418600 WRKY transcription factor 1.9

BdiBd21-3.4G0073800 Thaumatin family protein 1.8

BdiBd21-3.2G0545400 LRR protein 1.79
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fractions exhibited somewhat greater variability in 5′ nt
composition. Of the total Bd21-3 endogenous sRNAs, 24
nt molecules from colonized and non-colonized tissue
showed a strong bias towards 5′ A, while 21 nt molecules
were biased towards a terminal U (Additional file 2: Figure
S10), and 20 nt ck-sRNAs had a higher percentage of 5′
Cs (Additional file 2: Figure S11). Of the total endogenous
Si sRNAs, those from colonized samples generally had a
stronger bias towards 5′ A than sRNA reads from Si-ax,
especially at 26 nt and 21 nt (Additional file 2: Figure S10).
A slightly higher percentage of 5′ As also was
detected in total putative ck-sRNAs of 21 nt
(Additional file 2: Figure S11).

Differentially expressed Si and Bd21-3 sRNAs
Analysis of unique plant sRNAs in Bd-C vs. Bd-Si
revealed that 63% of the putative endogenous sRNAs
were exclusively present in Bd-C, 30% were exclusively
in Bd-Si and 7% were present in both (Fig. 5). For the
reads from the putative ck-sRNA pipeline, 76% of the
reads were exclusively present in Bd-C, 13% were exclu-
sive to Bd-Si, and 11% were found in both. Comparison
between the unique fungal sRNAs in Si-ax and Bd-Si
indicated that 98.1% of the putative endogenous sRNAs
were exclusively present in axenic culture, 0.98% were
exclusively found in Bd-Si, and 0.92% were in both.
Similarly, from the putative ck-sRNA pipeline, 98.2% of

Table 2 Top 25 Brachypodium distachyon (Bd) differentially expressed genes (DEGs) during root colonization (4 DPI) (Continued)

Gene Description log2FC

BdiBd21-3.4G0121800 Tryptophan biosynthesis protein 1.71

BdiBd21-3.4G0397700 Serine/threonine protein kinase 1.7

BdiBd21-3.4G0026800 Putative protein kinase 1.69

BdiBd21-3.2G0468100 Peroxidase 1.68

BdiBd21-3.2G0600500 Wall-associated receptor kinase 1.6

BdiBd21-3.2G0233800 PGP-like phosphoglycoprotein auxin transporter 1.58

DEGs are calculated as: colonized root vs. mock-inoculated root exhibiting significant (padj. < 0.05) down- or upregulation, log2 FC (fold change)
during colonization

Fig. 4 Size distribution of total and unique putative endogenous sRNAs. a Bd-C (mock-treated), b Bd-Si (colonized root), c Si-ax (axenic
mycelium), and d Bd-Si (colonized root). All datasets represent three biological replicates and corresponding two technical replicates, merged
together. sRNA length is displayed on the X-axis (nt) and number of total/unique sRNA counts on the Y-axis (× 103)
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the sRNA reads were exclusive to the Si-ax sample, 0.3
% were exclusive to Bd-Si, and 1.5% were present in
both. Considering only the Si sRNAs in the Bd-Si sam-
ple, 51.1% of the putative endogenous ones and 15% of
the putative ck-sRNAs are exclusively present in the col-
onized sample. Among Bd21-3 sRNAs in the Bd-Si sam-
ple, there are 80.5% putative endogenous sRNAs and
54.3% ck-sRNAs exclusive for the colonized root. These
data show that colonization induces many novel putative
endogenous and ck-sRNAs in Bd21-3, and a smaller
amount in Si, due to fungal quantity in the colonized
roots.

Identification of Bd21-3 miRNAs during the Bd-Si
interaction
Using the ShortStack analysis tool, we identified Bd21-3
loci that correspond to putative endogenous sRNAs
expressed during Si colonization. The DicerCall function
indicated loci whose predominant sRNAs are 20–24 nt.
Comparison of these sRNAs with miRBase identified 16
sRNA-generating loci that correlate to known miRNAs
(Table 3). These miRNAs belong to highly conserved
plant miRNA families that regulate growth and develop-
ment [33, 34]. We conducted the same analysis with Si
sRNAs, but no predicted miRNA-like RNAs were

identified in the colonized sample, possibly due to a lack
of data about the fungal sRNA-generating loci.

In silico target prediction of putative Si and Bd21-3 ck-
sRNAs
Since most examples of sRNA-based communication in
plant-microbe interactions have the commonality of 21
nt long sRNAs that silence transcripts in the target
organism [12, 13, 48], we predicted the targets of 21 nt
colonization-induced Si and Bd putative ck-sRNAs and
assessed their expression after colonization. Of 16,003
unique Bd21-3 targets predicted for 412 induced 21 nt Si
sRNAs, 49 were confirmed as downregulated at 4DPI.
This represents 15.4% of all significantly changed genes
in Bd21-3 during Si colonization. Some 89% of these
transcripts are predicted as targets of Si sRNAs that are
expressed exclusively in colonized tissue or with log2FC
> 1. A representative set of sRNA-mRNA duplexes,
chosen based on target identity and expression of target
and sRNA, indicates that putative ck-sRNA targets in
Bd21-3 are associated with transcription factor families,
signaling pathways, and basal plant defense (Table 4,
Additional file 2: Table S7).
To assess whether Bd21-3 generates ck-sRNAs that

potentially target Si genes, we searched for predicted tar-
gets of 329 Bd21-3 sRNAs (21 nt long) induced in Si-

Fig. 5 Venn diagrams showing the sample-exclusive or communal presence of unique putative endogenous or ck-sRNAs. a putative endogenous
sRNAs in Bd-C (mock-treated) vs. Bd-Si (colonized root), b sRNA reads in Bd-C vs. putative ck-sRNAs in Bd-Si, c putative endogenous sRNAs in Si-
ax (axenic mycelium) vs. Bd-Si (colonized root), and d sRNA reads in Si-ax vs. putative ck-RNAs in Bd-Si
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Table 4 Examples of deduced duplexes of Serendipita indica sRNAs and their downregulated targets in Brachypodium distachyon

sRNA name sRNA Expression Target transcript Description Transcript expression

SisRNA 1 NA BdiBd21-3.1G0887100.1 Homologous to Arabidopsis pseudo-response regulator 3 and 7 − 1.63

BdiBd21-3.2G0440200.1 Serine-carboxypeptidase-like 26-related − 0.81

SisRNA 2 NA BdiBd21-3.1G0399200.1 bZIP transcription factor − 1.00

SisRNA 3 NA BdiBd21-3.2G0288400.1 LURP1-related − 1.20

SisRNA 4 NA BdiBd21-3.1G0475100.1 Zinc-finger of the FCS-type − 1.00

SisRNA 5 0.13 BdiBd21-3.1G0047100.1 Nitrogen metabolic regulation protein NMR-related − 0.78

SisRNA 6 1.35 BdiBd21-3.3G0750900.1 Peroxygenase − 0.77

SisRNA 7 NA BdiBd21-3.1G0917100.1 Enolase − 0.52

SisRNA 8 NA BdiBd21-3.4G0303000.1 Protein kinase domain protein − 1.31

SisRNA 9 NA BdiBd21-3.1G0759800.1 Carboxyl-esterase 15 related − 0.86

SisRNA 10 NA BdiBd21-3.1G0813200.1 GRAS transcription factor − 1.95

SisRNA 11 NA BdiBd21-3.1G1017200.1 Expansin-like related − 0.84

SisRNA 12 NA BdiBd21-3.3G0134800.1 Copper transport protein ATOX1-related − 1.11

SisRNA 13 1.95 BdiBd21-3.2G0288400.1 LURP1-related − 1.20

SisRNA 14 NA BdiBd21-3.1G0917100.1 Enolase − 0.52

SisRNA 15 NA BdiBd21-3.4G0303000.1 Protein kinase domain protein − 1.31

NA BdiBd21-3.1G0411900.1 Serine-type carboxypeptidase activity (Blast2GO) − 0.82

SisRNA 16 NA BdiBd21-3.4G0507800.1 MYB transcrition factor − 0.70

SisRNA 17 NA BdiBd21-3.1G0411900.1 Serine-type carboxypeptidase activity (Blast2GO) − 0.82

SisRNA 18 NA BdiBd21-3.2G0269000.1 Mannose-binding lectin family − 0.85

SisRNA 19 NA BdiBd21-3.3G0264400.1 Homologous to barley CONSTANS-like protein CO8 − 1.93

SisRNA 20 NA BdiBd21-3.5G0237900.1 Aquaporin transporter − 1.02

sRNA expression was calculated as log2(colonized/control) from normalized reads, NA (not available) stands for sRNAs expressed exclusively in the colonized
sample; transcript expression is indicated as the log2(colonized/control) FC

Table 3 Predicted miRNA-generating loci identified in Bd21-3 roots colonized by Serendipita indica

Locus Predominant sRNA Known miRNA

Bd1:31073434-31073613 UCGGACCAGGCUUCAUUCCCC bdi-MIR166b

Bd2:10327043-10327213 CUGCACUGCCUCUUCCCUGGC bdi-MIR408

Bd2:3991996-3992115 UGACAGAAGAGAGUGAGCAC bdi-MIR156e

Bd2:3992232-3992320 UGACAGAAGAGAGUGAGCAC bdi-MIR156f

Bd2:3992444-3992557 UUGACAGAAGAGAGUGAGCAC bdi-MIR156g

Bd2:5570263-5570488 CUUGGAUUGAAGGGAGCUCU bdi-MIR159a

Bd3:1968409-1968509 UCGCUUGGUGCAGAUCGGGAC bdi-MIR168

Bd3:33173606-33173746 UCGGACCAGGCUUCAUUCCCC bdi-MIR166c

Bd3:39150748-39150893 GCUCACUUCUCUCUCUGUCACC bdi-MIR156b

Bd3:4482899-4483000 UUGACAGAAGAGAGUGAGCAC bdi-MIR156c

Bd3:44836298-44836372 AGAAGAGAGAGAGUACAGCCU bdi-MIR529

Bd3:7316295-7316393 GGGCAACUCCUCCGUUGGCAGA bdi-MIR399d

Bd4:1654850-1654943 UGAAGCUGCCAGCAUGAUCUGA bdi-MIR167e

Bd4:4893304-4893422 CGGAGGUCAGGAAUUCUACUGAUU bdi-MIR9481b

Bd4:6029321-6029440 UCUCGGACCAGGCUUCAUUCC bdi-MIR166f

Bd5:18466111-18466202 UGACAGAAGAGAGUGAGCAC bdi-MIR156d
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colonized roots. Of 3,019 predicted unique Si targets,
358 were confirmed as downregulated after colonization.
This represents 12% of all significantly changed Si genes.
35% of the 358 Si transcripts are predicted to be targeted
by Bd21-3 sRNAs exclusive to colonized tissue and an
additional 27.6 % are targeted by sRNAs that are highly
upregulated in colonized tissue (log2FC > 1). A set of
sRNA-mRNA duplexes, selected with the same criteria
as for the Si sRNA – Bd21-3 targets (Table 4), shows
that predicted Bd21-3 ck-sRNAs have putative targets in
Si which include proteins associated with nutrient acqui-
sition, development of cell walls, hyphal networks,
pathogenic fungal activities, fungal starvation, and sig-
naling (Table 5, Additional file 2: Table S7). In order to
confirm the expression of some of these sRNAs, we con-
ducted stem-loop PCR and sRNA-specific sequencing on
10 Si and 10 Bd21-3-originating sRNAs from our Bd-Si
sample and Table S7. All Si and all Bd21-3 sRNAs were
amplified in the stem-loop PCR. To verify the nature of
the amplification products, a subset of four SisRNAs and
three BdsRNAs were cloned and sent for Sanger

sequencing, confirming the expected sRNA sequences
(Additional file 2: Figure S12, original gel pictures in
Additional file 3 and Additional File 4, sequencing re-
sults in Additional file 2: Table S8). Thus, predicted tar-
gets of putative ck-sRNAs within this system imply
another layer of expression control within the mutualis-
tic interaction.

Discussion
We established and studied the interaction between Bra-
chypodium distachyon—a model Pooideae plant with
shared synteny to major cereal crops—and Serendipita
indica—a beneficial endophyte with an exceptionally
large host range. This particular combination of traits
adorning the Bd-Si interaction has great translational
value towards filling in the gaps in knowledge about
plant symbioses, especially their transcriptomic and
sRNA expression profiles and the significance of RNAi.
We show that Si colonizes Bd, resulting in shoot growth
promotion, earlier flowering, and improved grain devel-
opment. In comparison, earlier studies characterizing

Table 5 Examples of deduced duplexes of Brachypodium distachyon sRNAs and their downregulated targets in Serendipita indica

sRNA sRNA expression Transcript Description of target transcript Transcript expression

BdsRNA 1 NA CCA68723 Related to phenylalanine ammonia-lyase − 5.1

BdsRNA 2 1.43 CCA69635 Probable acetyl-CoA synthetase − 2.19

BdsRNA 3 0.04 CCA72153 Putative mitochondrial carnitine O-acetyltransferase − 2.94

BdsRNA 4 0.58 CCA68099 Probable protein required for hyphal anastomosis HAM2 − 1.38

BdsRNA 5 0.59 CCA69082 Related to serine/threonine-protein kinase − 1.65

BdsRNA 6 0.039 CCA67801 Probable isocitrate lyase − 2.34

BdsRNA 7 4.37 CCA68918 Probable ADH1-alcohol dehydrogenase I − 4.42

BdsRNA 8 NA CCA77975 Related to peroxisomal membrane protein 4 − 2.39

CCA68099 Probable protein required for hyphal anastomosis HAM2 − 1.38

BdsRNA 9 0.029 CCA73455 Related to phosphoprotein phosphatase 2C − 0.89

BdsRNA 10 1.39 CCA72944 Protein TOXD − 2.73

CCA72668 Hypothetical protein − 1.68

CCA74115 Probable nucleolar rRNA processing protein GAR1 − 0.93

BdsRNA 11 0.19 CCA77931 Related to iron transport protein − 2.4

BdsRNA 12 0.48 CCA68412 Related to ECM32-DNA dependent ATPase/DNA helicase B − 1.96

BdsRNA 13 1.06 CCA75416 Related to estradiol 17 beta-dehydrogenase 4 − 2.12

BdsRNA 14 NA CCA73650 Related to chitinase − 1.37

BdsRNA 15 0.49 CCA77900 Related to LSB5-possible role in the regulation of actin cytoskeletal organization − 1.27

BdsRNA 16 0.62 CCA69912 Related to acyl-CoA dehydrogenase − 2.28

BdsRNA 17 0.88 CCA70015 Related to CAT1 − 1.84

BdsRNA 18 NA CCA68373 Probable subtilisin-like serine protease − 0.91

BdsRNA 19 1.38 CCA72980 Hypothetical protein − 2.59

CCA67021 Probable VID27-involved in vacuole import and degradation − 0.93

BdsRNA 20 0.1 CCA73174 Related to ECM4-involved in cell wall biogenesis and architecture − 2.48

sRNA expression was calculated as log2(colonized/control) from normalized reads, NA stands for sRNAs expressed exclusively in the colonized sample; transcript
expression is indicated as the log2(colonized/control) FC
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the interaction between Si and barley have demonstrated
that fungal hyphae establish an interface with the root
cell plasma membrane at an early colonization stage,
followed by expansion of an extracellular hyphal net-
work, intercellular growth, and intracellular penetration
of cortical and rhizodermal cells [26]. Around 3 to 5
DPI, Si starts the switch from a biotrophic to a sapro-
phytic lifestyle [26, 27]. Although this change involves
intracellular hyphae extensively colonizing dead host
cells and gradual digestion of cortical cell walls, the plant
still benefits from the fungal presence. Consistent with
these findings, our microscopic analyses confirmed pro-
liferation of Si chlamydospores and both inter- and
intracellular colonization of Bd21-3 cells in the root dif-
ferentiation zone from 4 to 14 DPI. Detection of prolif-
erating hyphae that were not wrapped in plasma
membrane further suggests that Si is colonizing dead
surface plant root cells at 4 DPI [25, 26].

Transcriptional changes detected during the Bd-Si
interaction
To investigate colonization of Bd21-3 by Si, we analyzed
Si DEGs in colonized vs. axenic mycelium samples. Gene
ontology analysis indicated enrichment in genes involved
in various metabolic and catalytic processes. DEGs with
the greatest changes in expression play roles in plant cell
wall degradation, carbohydrate metabolism and nutrient
acquisition. These changes in nutritional reprogramming
are to be expected, considering the different nutritional
content that Si has accessible in planta vs. axenic CM
plates and a more detailed look into the roles of the
changed genes unveils a typical switch of fungal lifestyle.
Examples of upregulated Si genes involved in cell wall
degradation include a probable Pectate lyase, Endo-1,4-
beta-xylanases, Cellulose 1,4-beta-cellobiosidase, and
Rhamnogalacturonan acetylesterase. The genes encoding
these hydrolytic enzymes, which have undergone expan-
sion in the Si genome [49], are similar to those upregu-
lated in Si during saprophytic growth on autoclaved
barley roots at 3 DPI and 5 DPI [22]. PiAMT1, encoding
a high affinity ammonium transporter also was upregu-
lated (logFC = 3.35; padj < 0.0001). Other upregulated
genes encode enzymes involved in carbohydrate metab-
olism, including probable glucosidases, glucanase, and
galactosidase. These proteins may modulate glucose
concentration, which then regulates expression of some
cell-wall degrading enzymes [22, 50]. Some of the 174
putative effector protein-encoding genes also are differ-
entially expressed during Si colonization of barley and
Arabidopsis [22, 27]. Six of these proteins (Additional
file 2: Table S4) contain the Si-specific DELD domain,
which suggests that Si utilizes a common protein ef-
fector arsenal to colonize various hosts. Considering
highly downregulated Si DEGs, several encoded proteins

are associated with adaption to nutrient availability (Ac-
cumulation of dyads protein 2, ADY2; Succinate-fumar-
ate transporter) and nutrient acquisition (Acyl-CoA
dehydrogenase; Carnitine acetyltransferase, CRAT;
Phenylalanine ammonia-lyase, PAL [51, 52];). Their re-
duced expression suggests ample nutrient availability at
4 DPI. Given the similarities in the Si transcriptome dur-
ing colonization of Bd and barley, we propose that these
fungal-plant interactions follow a pattern, and that by 4
DPI, a network of plant-endophyte communication cues
has initiated a tightly controlled transcriptional program,
leading to a shift from biotrophic to saprophytic growth.
Roots of Bd21-3 plants also displayed substantial tran-

scriptional reprogramming following Si colonization.
Gene ontology term analysis indicated enrichment in
genes involved in catalytic and oxidoreduction-
associated processes. Bd21-3 DEGs exhibiting the great-
est changes in expression between colonized and non-
colonized plants are related to stress-response, defense,
and plant development. Of the downregulated Bd21-3
genes, several encode proteins commonly associated
with stress responses, including a peroxidase, a wound-
induced protein, and a putative protein kinase. Addition-
ally, members of the Heat-shock protein gene family [53]
are commonly induced in Bd during abiotic stress and
members of the Abscisic acid/water deficit stress (ABA/
WDS)-induced protein and the Rare cold inducible
(RCI2) gene families enhance abiotic stress tolerance in
various plant species [54, 55]. Circadian clock and flow-
ering regulation genes such as Pseudo-response regulator
7 (PRR7), Cold regulated protein 27 and Constans-like
protein (CO8), also are downregulated during Si
colonization. While members of the PRR and CO pro-
tein families work together to control flowering time
[56, 57], any influence on early flowering in Si-colonized
Bd21-3 is unclear. Circadian clock-associated genes also
regulate lateral root development in Arabidopsis [58];
whether Si-induced changes in their expression influence
root growth is unknown. Other downregulated
development-associated DEGs include Fantastic four
meristem regulator (FAF), which regulates shoot and
root development [59], and putative Sulfoquinovosyl-
transferase (SQD2), which modulates seed setting and
tiller development in rice [60]. Finally, several downregu-
lated DEGs encode transcription factors, including
MYB-related, GRAS, and bZIP.
In comparison, many of the upregulated Bd21-3 DEGs

are associated with immune responses. Examples include
genes encoding leucine-rich repeat (LRR) protein, a
WRKY transcription factor, and thaumatin family pro-
tein. Increased expression of the defense gene Pathogen-
esis-related protein 1 (PR1) was similarly and transiently
reported in Si-colonized Arabidopsis roots [61]. Upregu-
lation of Glutathione S-transferase (GST) is consistent
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with the increased antioxidant capacity of Si-colonized
plants, which provides protection against attack by
necrotrophic pathogens [21, 62]. The upregulation of
genes in other hormonal networks (PGP-like Phosphogly-
coprotein auxin transporter) and redox processes (Multi-
copper oxidase) further suggests that Si colonization
affects a range of signaling pathways.

Bd miRNAs detected in the Bd-Si sample
The role of miRNAs as regulators of gene expression in
the Sebacinalean symbiosis is largely unexplored. One
report showed that Si induces growth promotion-
associated miRNAs in Oncidium orchid roots [63]. Ana-
lysis of putative endogenous Bd21-3 sRNAs expressed
during Si colonization identified 16 miRNAs. Some of
them have known targets in transcription factors associ-
ated with plant growth and development. For example,
the bdi-MIR166 family targets mRNAs encoding Homeo-
box domain-leucine zipper transcription factors [64]. In
Arabidopsis, repression of these transcription factors by
the miR165/166 family modulates root growth, mainten-
ance of the shoot apical meristem, and development of
leaf polarity [65]. Plant-specific transcription factors
encoded by Squamosa promoter-binding protein-like
(SPL) genes are the presumed targets of bdi-MIR156 and
bdi-MIR529 [66]. In Arabidopsis, miR156-mediated
downregulation of SPLs modulates developmental tim-
ing, lateral root development, branching, and leaf
morphology [65]. Members of the MYB superfamily of
transcription factors, which regulate many aspects of de-
velopment, are the predicted targets of bdi-MIR159 [34].
Interestingly, miRNAs belonging to the miR159 and
miR166 families in cotton are known ck-sRNAs that tar-
get virulence genes in Verticillium dahliae [13].
Other miRNAs identified in Bd21-3 include bdi-

MIR168, predicted to target AGO1 [64], and two miR-
NAs that regulate nutrition: bdi-MIR399, which is up-
regulated in Bd by phosphate starvation [64, 67],
whereas bdi-MIR408 influences copper levels [34, 68].
Additionally, bdi-MIR408 (BdsRNA 10) has predicted ck
targets in three Si transcripts: CCA72944, CCA72668,
and CCA74115. Since various targets were predicted for
bdi-MIR167 [34, 68] and no target was predicted for
bdi-MIR9481, their endogenous functions in Bd are un-
clear. Interestingly, the miRNA families identified in our
analysis, except bdi-MIR9481, also were detected in Si-
colonized Oncidium [63]. Thus, this group of miRNAs
may play an important role in reprogramming plant cells
during Sebacinalean symbiosis establishment.

Putative Si and Bd21-3 ck-sRNAs and their predicted
targets
To date, cross-kingdom RNAi has been demonstrated in
pathogenic plant-fungal interactions [12, 13, 69], and

while there are promising indications for its presence
during plant-mycorrhiza interactions [36], whether it oc-
curs in Si-plant associations is unknown. To investigate
this possibility, we predicted targets for 21 nt putative
ck-sRNAs from Si and Bd21-3 and confirmed their
downregulation during colonization. This analysis un-
covered 358 downregulated Si transcripts that are the
predicted targets of 228 unique Bd21-3 sRNAs. Cross-
kingdom RNAi-mediated downregulation of these tar-
gets might allow Bd21-3 to modulate Si growth during
colonization. For example, PAL, Acetyl-CoA synthetase,
Carnitine acetyl transferase, Isocitrate lyase, and Acyl-
CoA dehydrogenase, which are targeted by BdsRNA 1,
BdsRNA 2, BdsRNA 3, BdsRNA 6, and BdsRNA 16
(Table 5), are involved in fungal nutrient acquisition [22,
55, 70, 71]. Genes with important homologs in patho-
genic fungi also are predicted targets, including Subtili-
sin-like serine protease (BdsRNA 18) [72], Alcohol
dehydrogenase 1 (BdsRNA 7) [73], and Phosphoprotein
phosphatase 2C (BdsRNA 9) [74]. Targeting of Hyphal
anastomosis-2 (HAM-2) by BdsRNA 8 and BdsRNA 4
may provide another mechanism for controlling fungal
growth, as HAM-2 is required for hyphal fusion in N.
crassa [75]. Similarly, targeting of Chitinase (BdsRNA
14) may help control Si growth.
Concurrently, we identified 49 downregulated Bd21-3

mRNAs that are the predicted targets of 63 unique Si-
generated ck-sRNAs. Downregulation of these target
genes via cross-kingdom RNAi might facilitate Si growth
during colonization. For example, Mannose-binding lec-
tin (targeted by SisRNA 18) belongs to a family of
defense-related genes whose products trigger immune
responses following pathogen recognition [76]. SisRNA
8 and SisRNA 15 target a protein kinase domain/LRR
gene (BdiBd21-3.4G0303000.1) that may belong to the
LRR receptor kinase family, which regulates defense and
developmental-related processes [77]. Transcripts en-
coding serine-carboxypeptidase-like (SCPL) proteins
BdiBd21-3.2G0440200.1 and BdiBd21-3.1G0411900.1
(targeted by SisRNA 1 and SisRNA 15) are associated
with defense against (a)biotic stresses in monocots [78].
Members of various transcription factors families also
were identified as predicted targets (MYB by SisRNA 16,
bZIP by SisRNA 2, and GRAS by SisRNA 10). These
families are associated with (a)biotic stress responses, as
well as plant growth and development [79–81]. Lastly,
transcripts for proteins involved in circadian clock and
flowering regulation (BdiBd21-3.1G0887100.1 and
BdiBd21-3.3G0264400.1 [56];) are the presumed targets
of SisRNA 1 and SisRNA 19. Together, these findings
suggest that Si-derived ck-sRNAs may promote fungal
colonization by targeting signaling processes associated
with plant development and responses to (a)biotic
stresses.
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In combination with earlier studies on Bd RNAi pro-
teins [35] and Bd interaction with the pathogen Magna-
porthe oryzae [82], the in silico analyses presented here
suggest that Si and Bd contain functional RNAi compo-
nents and that both organisms generate ck-sRNAs,
which potentially modulate this mutualistic interaction.
However, further studies are necessary to validate cross-
kingdom RNAi in a Sebacinalean symbiosis. Namely,
degradome analysis is needed to confirm target degrad-
ation and evidence that Bd21-3 and Si AGOs associate
with sRNAs expressed by the interacting organism is ne-
cessary for confirmation of cross-kingdom RNAi.

Conclusions
We report that Bd21-3 and Si form a mutualistic
symbiosis with a promoting effect on plant yield and
development, accompanied by changes in gene ex-
pression in both organisms, including putative pro-
tein Si effectors and RNAi-related genes. sRNA
profiles of both organisms also changed, indicating
that this model system will provide important in-
sights into the multiple layers of regulation and
interaction between beneficial fungi and cereal hosts.
Within the broader scope of plant-mutualist interac-
tions, we show that detection of putative RNAi-
involved sRNAs in an interaction highly benefits
from simultaneous transcriptome analysis and indi-
cate an involvement of sRNA-based regulation in
defense responses, nutritional reprogramming, and
colonization maintenance. Alongside other experi-
mental approaches in plant-microbe interactions (eg.
sRNA uptake studies [83]), developing a deeper un-
derstanding of the communication mechanisms that
modulate mutualistic interactions is highly relevant
for establishing robust growth promotion and pro-
tection strategies in crops.

Methods
Bd and Si cultivation and inoculation
The seeds of Brachypodium distachyon (Bd) line
Bd21-3 (gift from R. Sibout, INRA Versailles, France)
were surface sterilized (3% active chlorine, sodium
hypochlorite solution) for 15 min, washed three
times, and placed on half-strength MS [84] medium
in dark at 4 °C for 2 days and then 7 days at 24 °C
and 16 h light/8 h dark cycle (47 μmol m− 2 s− 1 pho-
ton flux density). Serendipita indica (Si) (IPAZ-
11827, Institute of Phytopathology, Giessen,
Germany) was grown on complete media plates (CM
[85]) at 23 °C in dark for 4–5 weeks.
For inoculation, Si mycelium was collected in

0.002% aqueous Tween 20 solution, filtered (Mira-
cloth, Calbiochem), and pelleted by centrifugation (10
min/4000 rpm/20 °C) twice. Chlamydospore

concentration of 5 × 105 conidia ml−1 in 0.002%
Tween 20 solution was used to inoculate 7-day-old
plant seedlings for 2–3 h. Control plants were mock
treated with the 0.002% Tween 20 solution for the
same time. Grain yield analyses were done on mature
plants grown on soil (F-E type LD 80, Fruhstorfer
Erde, Germany) under 16 h light (160 μmol m−2 s−1,
22 °C) and 8 h dark (18 °C) conditions at 60% relative
humidity for 1 month, and then greenhouse condi-
tions until seed maturity. Number of spikelets was
assessed after 2 months. Shoot biomass was assessed
3 weeks after inoculation of seedlings grown on a
mixture (2:1, v/v) of vermiculite (Deutsche Vermicu-
lite GmbH) and oil dri (oil binder Typ III R Coarse
grain, Damolin, Mettmann, Germany) under compar-
able conditions as for grain yield, and fertilized every
3 days with an aqueous solution of Wuxal Super
NPK-8/8/6 (1:103 v/v; Haug, Düsseldorf, Germany).
Samples for RNA-seq, RT-qPCR, stem-loop PCR, and
microscopy were also grown under these conditions.
To assess growth promotion in Si inoculated Bd rela-
tive to the control, we used the pairwise t test or the
Mann-Whitney-Wilcoxon test on each of the three
repetitions of experiments, after checking for normal-
ity and homogenous variances. Benjamini-Hochberg
correction for multiple testing was used to correct
the p values and the significance asterisks were
assigned to the average p-value as follows: * for p ≤
0.05, ** for p ≤ 0.001, and *** for p ≤ 0.0001.

Microscopy
Following Si inoculation, one-week-old seedlings were
grown on plastic mesh (~ 90 μm) placed over half-
strength MS medium or on vermiculite/oil dri prior
to assessing root colonization. Si was visualized with
the chitin-specific dye WGA-AF 488 (wheat germ ag-
glutinin; Molecular Probes, Karlsruhe, Germany), as
described in Deshmukh et al. (2006) [26], with boiling
in KOH (10%) for 30 s, prior to incubation in
phosphate-buffered saline (PBS, pH 7.4). Root cells
were visualized by incubating with propidium iodide
(10 μg ml−1) for 10 min and washing with sterile
water. Confocal laser scanning microscopy was done
(TCS SP8 microscope, Leica, Bensheim, Germany)
and the Leica LAS X software was utilized for
visualization and maximum (z-stack) projections.

Resequencing, assembly, and annotation of the Si
genome
The MasterPure Yeast DNA Purification Kit (Epi-
centre, Illumina) was used to extract genomic DNA
from 4-week-old axenic Si cultures. The Si genome
was resequenced, assembled [86], and annotated as
described [87], whereby a MinION sequencing library
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was prepared using the Nanopore Rapid DNA
Sequencing kit. Sequencing was performed on an
Oxford Nanopore MinION Mk1b sequencer using a
R9.5 flow cell. Additionally, sequencing of an Illumina
Nextra XT library was performed on the MiSeq plat-
form (Illumina; 2 × 300 bp paired-end sequencing, v3
chemistry). Adapters and low-quality reads were
removed by an in-house software pipeline prior to
polishing [88]. MinKNOW (v1.13.1, Oxford Nanopore
Technologies) was used to control the run with the
48 h sequencing run protocol, and base calling was
performed offline using albacore (v2.3.1, Oxford
Nanopore Technologies). The assembly was per-
formed using Canu v1.6 ([89], default settings). The
resulting contigs were polished with Illumina short
read data using Pilon [90] for eight iterative cycles.
BWA-MEM [91] was used for read mapping in the
first four iterations and Bowtie2 v2.3.2 [92] in the
second set. Gene prediction was performed with
GeneMark-ES 4.3.3. ([38], default settings). Predicted
genes were functionally annotated using a modified
version of the genome annotation platform GenDB
2.0 [39] for eukaryotic genomes [40]. RNAi-associated
proteins were predicted by searching the proteome
[22] for typical domain structure and highest hom-
ology to Neurospora crassa RNAi proteins (NC12
genome assembly [93]). A modified version of the
pipeline from Rafiqi et al. (2013) [41] was used to
predict protein effectors. After identifying proteins
with signal peptides (signalp-4.1 [94]), those predicted
as transmembrane helix proteins (tmhmm [95]), mito-
chondrial proteins (target-1.1 [96]), and cell wall
hydrolysis-associated proteins were removed. For
comparative analysis of the Si (Si-2020 and
DSM11827 ASM31354 v.1 [22]), Serendipita vermifera
[97] and Laccaria bicolor [98] genomes, software plat-
form EDGAR 2.3 [99] was used.

RNA extraction, library preparation, and mRNA/sRNA
sequencing
Roots inoculated with Si (Bd-Si) or mock-inoculated
(Bd-C), as described above, were grown for 4 days and
pooled (three roots per sample). Si mycelium and
spores were collected from 4-week-old axenic cultures
grown on CM medium. All samples in triplicates were
shock frozen, stored at − 80 °C, and ground in liquid
N2. Total RNA was isolated using the ZymoBIOMICS
RNA Mini Kit (Zymo Research, USA), quantified with
DropSense16/Xpose (BIOKÉ, Netherlands), and ana-
lyzed with an Agilent 2100 Bioanalyzer Nano Chip
(Agilent, Germany). RNA Clean and Concentrator 25
and 5 kits (Zymo Research) were utilized to separate
total RNA into fractions: 17–200 nt and > 200 nt. 1.5 μg
of the larger fractions were processed for mRNA library

preparation (TruSeq Stranded mRNA protocol, Illu-
mina, USA). Fragment Analyzer Automated CE System
(Advanced Analytical Technologies, Austria) deter-
mined the quality of the generated polyA mRNA librar-
ies. Quantity and quality of the smaller RNA fractions
were assessed with the Qubit fluorometer (Invitrogen,
Germany) and Agilent 2100 Bioanalyzer Pico Chip.
sRNA library preparation was done with 50 ng of RNA
(TruSeq Small RNA Library Prep, Illumina) and size se-
lection with the BluePippin (Sage Science, USA) for
fragments between 140 and 160 nt (15–35 nt without
adapters) applied. Sequencing was accomplished on the
Illumina HiSeq 1500.

Transcriptome analysis
Raw reads from mRNA sequencing [100] were submit-
ted to quality check using FastQC [101] and aligned to
the Bd21-3 v1.1 (DOE-JGI, http://phytozome.jgi.doe.gov/
[102]) or resequenced Si (Si-2020) genomes with HISA
T2 [103]. An intron length of 20–2000 nt was allowed
for Si [104] and 20–10,000 nt for Bd21-3 [105]. The
reads were counted using HTSeq-count [106], differen-
tial gene expression was performed with DESeq2 [107],
and gene enrichment analysis with AgriGO v.2 [108],
with reference Bd21 setting for Bd21-3 (Bd 21 syno-
nyms) and a customized background for Si. Volcano
plots were generated using plotly [109] and ggplot2
[110] R [111] libraries. Gene descriptions were obtained
from the organism annotations or Blast2GO [112].

sRNA analysis and prediction of putative endogenous and
ck-sRNAs
Raw reads from sRNA sequencing [113] were submitted
to FastQC [101] and adapter trimming [114]. Bowtie
[115] was used for alignment as detailed in Additional
file 2: Fig. S6. The resequenced Si genome was used for
alignments of fungal origin. tRNA/rRNA sequences were
downloaded from RNAcentral ([116], EMBL-EBI). Puta-
tive endogenous sRNA reads were submitted to Short-
Stack [117]. For filtering putative ck-sRNAs, a previously
established pipeline [118] was utilized. Reads were nor-
malized to the total number of mapped reads for a single
genome and reads per million (RPM) and log2 (colo-
nized/mock-treated) values calculated. Thus, a sRNA
read was selected as a putative ck-sRNA if it was present
exclusively or at a higher quantity (i.e., induced) in the
colonized vs. control sample. Putative ck-sRNAs were
submitted to psRNAtarget [119]. Since the separation of
sRNA and mRNA fractions from each biological sample
was facilitated, we checked for downregulation of
mRNAs corresponding to predicted sRNA target genes
within the DEGs. Transcriptomes used for these predic-
tions were Bd 21-3 v1.1 (DOE-JGI, http://phytozome.jgi.
doe.gov/ [102]) and Si DSM11827 ASM31354 v.1 [22].
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Venn diagrams were generated using the VennDiagram
R package [120].

Quantitative real-time PCR and stem-loop PCR for
validation of sequencing results
To validate gene expression detected in the sequencing, we
used quantitative real-time PCR (qRT-PCR). RNA extraction
from mock treated and Si inoculated Bd21-3 roots, as well as
Si axenic cultures, under the same conditions as explained
above for the sequencing, was done with TRIzol (Thermo
Fisher Scientific, Waltham, MA, USA), cDNA synthesized
using qScriptTM cDNA kit (Quantabio, Beverly, MA, USA)
and 10 ng of cDNA used as template in the QuantStudio 5
Real-Time PCR system (Applied Biosystems), with SYBR®
green JumpStart Taq ReadyMix (Sigma-Aldrich, St. Louis,
MO, USA). Each sample had three technical replicates.
Primers used for these amplifications are listed in Table S9
(Additional file 2: Table S9). Transcript levels were calculated
using the 2–ΔΔCt method [121], relatively to BdUbi4-3 for
Bd21-3 and Si ITS sequence for Si.
For the identification of sRNAs in the interaction of Si

with Bd21-3 stem-loop RT-PCR was employed [122].
cDNA was synthesized from DNase I-treated total RNA
extracted from Si axenic culture or inoculated Bd21-3
roots. The folding of the hairpin primer was performed
according to Kramer (2011) [123]. For each stem-loop
reaction, six hairpin primers were multiplexed in a 20-
μL reaction using the Revertaid RT enzyme according to
the manufacturer’s instructions (Thermo Scientific). For
primer annealing, the reaction was incubated for 30 min
at 16 °C followed by an extension step at 42 °C for 30
min. The reaction was stopped at 85 °C for 5 min. cDNA
was stored at − 80 °C until further use. Endpoint PCR
was performed using an universal stem-loop primer and
specific sRNA primer (Additional file 2: Table S10)
under the following conditions: initial denaturation at
95 °C for 5 min followed by 35 cycles: 95 °C for 30 s, pri-
mer annealing at 60 °C for 30 s, and extension at 72 °C
for 30 s. PCR products were separated by gel electro-
phoresis on a 2% (w/v) agarose gel. To obtain sequence
information of the amplified sRNAs of the stem-loop re-
action, PCR products were purified and cloned into the
pGEM®-T Easy Vector Systems (Promega, Madison, WI,
USA) following the manufacturer’s instructions. From
each cloned sRNA, six colonies were further analyzed by
Sanger sequencing using a M13 reverse primer.
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Abstract

In filamentous fungi, gene silencing by RNA interference (RNAi) shapes many biological

processes, including pathogenicity. Recently, fungal small RNAs (sRNAs) have been

shown to act as effectors that disrupt gene activity in interacting plant hosts, thereby under-

mining their defence responses. We show here that the devastating mycotoxin-producing

ascomycete Fusarium graminearum (Fg) utilizes DICER-like (DCL)-dependent sRNAs to

target defence genes in two Poaceae hosts, barley (Hordeum vulgare, Hv) and Brachypo-

dium distachyon (Bd). We identified 104 Fg-sRNAs with sequence homology to host genes

that were repressed during interactions of Fg and Hv, while they accumulated in plants

infected by the DCL double knock-out (dKO) mutant PH1-dcl1/2. The strength of target

gene expression correlated with the abundance of the corresponding Fg-sRNA. Specifically,

the abundance of three tRNA-derived fragments (tRFs) targeting immunity-related Ethylene

overproducer 1-like 1 (HvEOL1) and three Poaceae orthologues of Arabidopsis thaliana

BRI1-associated receptor kinase 1 (HvBAK1, HvSERK2 and BdSERK2) was dependent on

fungal DCL. Additionally, RNA-ligase-mediated Rapid Amplification of cDNA Ends (RLM-

RACE) identified infection-specific degradation products for the three barley gene tran-

scripts, consistent with the possibility that tRFs contribute to fungal virulence via targeted

gene silencing.

Introduction

RNA interference (RNAi) is a biological process in which small RNA (sRNA) molecules medi-

ate gene silencing at the transcriptional or post-transcriptional level. In agriculture, RNAi-

mediated silencing strategies have the potential to protect crops from pests and microbial path-

ogens [1–5]. Expression of non-coding double-stranded (ds) RNA targeting essential genes in

a pest, a pathogen or a virus can render host plants more resistant by a process known as host-

induced gene silencing (HIGS) [6–9]. Alternatively, plants can be protected by foliar applica-

tion of dsRNA to plants [10–16]. While these RNAi-based crop protection strategies are
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proving to be efficient and agronomically practical in the control of insects [17] and viruses

[18], many questions remain unanswered with regard to the control of fungi.

The blueprint for using RNA to fight disease comes from nature [7]. During infection of

Arabidopsis thaliana (At), the necrotrophic ascomycete Botrytis cinerea (Bc) secretes DICER-

like (DCL)-dependent sRNAs that are taken up into plant cells to interact with the Arabidopsis

ARGONAUTE protein AtAGO1 and initiate silencing of plant immune genes [19, 20]. For

instance, sRNA Bc-siR3.2 targets mitogen-activated protein kinases, including MPK2 and

MPK1 in At, and MAPKKK4 in tomato (Solanum lycopersicum), while Bc-siR37 targets several

immune-related transcription factors including WRKY7, PMR6 and FEI2 [21]. Likewise, the

oomycete Hyaloperonospora arabidopsidis produces 133 AGO1-bound sRNAs, which are cru-

cial for virulence [22], and microRNA-like RNA1 (Pst-milR1) from the yellow rust causing

biotrophic basidiomycete Puccinia striiformis f.sp. tritici (Pst) reduced expression of the

defence gene Pathogenesis-related 2 (PR2) in wheat (Triticum aestivum) [23]. Notably, when

comparing sRNA in the leaf rust fungus Puccinia triticina (Pt), 38 Pt-sRNAs were homologous

to sRNAs previously identified in Pst [24, 25], hinting to the possibility that sRNA effectors are

conserved among related fungal species as it is known for plant miRNAs [26, 27]. One group

of conserved sRNAs with putative effector function are transfer RNA (tRNA)-derived frag-

ments (tRFs). Bacterial tRFs play a role in the symbiotic interaction between soybean (Glycine
max) and its nitrogen fixing symbiont Bradyrhizobium japonicum during root nodulation

[28]. Similarly, the protozoan pathogen Trypanosoma cruzi secretes tRF-containing microvesi-

cles resulting in gene expression changes in mammalian host cells [29].

Fungal species of the genus Fusarium belong to the most devastating pathogens of cereals

causing Fusarium head blight and crown rot [30], and contaminate the grain with mycotoxins

such as the B group trichothecenes deoxynivalenol (DON), nivalenol (NIV), and their acety-

lated derivatives (3A-DON, 15A-DON, and 4A-NIV) [31–33]. Viability, aggressiveness, and

virulence of Fusaria are under control of the RNAi machinery [8, 34, 35]. In tomato, a Fol-
milR1 produced by F. oxysporum f.sp. lycopersici (Fol) was shown to target the protein kinase

SlyFRG4 via AGO4a [36]. Moreover, in wheat, Fg-sRNA1 produced by Fg targets and silences

the pattern recognition receptor gene TaCEBiP (Chitin Elicitor Binding Protein) [37].

To further test the possibility of Fg producing sRNAs that exert effector function and pro-

mote pathogenesis, we predicted Fg-sRNA targets in two Poaceae hosts, Hordeum vulgare (Hv)

and Brachypodium distachyon (Bd). Among the many predicted plant targets of fungal sRNA,

three fungal tRFs had sequence similarity to BRI1-associated receptor kinase 1 (BAK1) homo-

logs and EOL1 (Ethylene overproducer 1-like 1) in Hv and Bd. Upon infection with the wild

type Fg strain, transcripts of genes were strongly reduced, while in contrast they were increased

upon infection with Fg strains compromised for DCL activity. Degradation products of target

mRNAs were detected by RNA-ligase-mediated Rapid Amplification of cDNA Ends

(RLM-RACE), supporting the possibility that DCL-dependent sRNAs play a critical role in the

interaction of Fg with cereal hosts.

Results

Fusarium graminearum DCL mutants are less virulent on barley and

Brachypodium leaves

The Fusarium mutant IFA65-dcl1 is partially impaired in infecting wheat ears and causing

Fusarium Head Blight [8]. We extended this earlier study to examine the effects of impaired

DCL activity on the plant defence response. To this end, two to three-week-old detached sec-

ond leaves of barley cv. Golden Promise (GP) were drop-inoculated with 3 μl of a solution

containing 150,000 conidia per ml of Fg isolate PH1 or the double knock-out (dKO) mutant
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PH1-dcl1/2. At five days post inoculation (dpi), the dKO mutant produced significantly

smaller necrotic lesions (30%; median (MED) (27%); interquartile range (IQR) (47%) Wil-

coxon rank sum test, p = 0.007) than the wild type (wt) strain, confirming that DCL activity is

required for full Fg virulence (Fig 1A).

Next, we determined the virulence of DCL mutants on Brachypodium distachyon Bd21-3.

Flag leaves of three-week-old plants were inoculated with 10 μl (10,000 conidia ml-1) of fungal

inoculum. Single mutants IFA65-dcl1 and IFA65-dcl2 and dKO mutant PH1-dcl1/2 produced

significantly smaller lesions than the wt (PH1-dcl1/2, 66%; MED (52%); IQR (66%); Wilcoxon

rank sum test; p = 0.013, IFA65-dcl1, 54%; MED (42%); IQR (56%) and IFA65-dcl2, 66%;

MED (60%); IQR (58%); pairwise Wilcoxon rank sum test; Bonferroni corrected; p<0.005)

(Fig 1B and 1C). These results substantiate the earlier findings [8] that fungal DCL activity is

required for Fusarium virulence on graminaceous plants.

Fig 1. Virulence of Fusarium graminearum DCL single and dKO mutants on barley and Brachypodium. A: Relative infected area on leaves of barley

cv. Golden Promise (GP) at 5 dpi. Detached leaves were inoculated with 3 μl of a solution containing 150,000 conidia per mL. The area with leaf

necrosis was measured with the free image analysis software package PlantCV. Boxplots represent the median and quartiles of three independent

biological experiments (n = 56). (Wilcoxon Rank Sum Test, P = 7.1�10−3, x = mean). B and C: Relative infected leaf area on leaves of Brachypodium
distachyon Bd21-3 at 4 dpi (B) or 5 dpi (C). Detached leaves were inoculated with 10 μl of a solution containing 10,000 conidia per mL. The area with

leaf necrosis was measured with ImageJ. Boxplots represent the median and quartiles of three (B) or nine (C) independent biological experiments

(n = 21 (B), n = 63 (C)). (B: Wilcoxon Rank Sum Test, P = 0.013; C: Pairwise Wilcoxon Rank Sum Test, Bonferroni corrected, Pdcl1 = 4.9�10−8, Pdcl2 =

2.6�10−4; x = mean). Outliers (>2.5) are not shown but indicated as written values next to the upward arrow ("). D-J: Representative pictures of disease

symptoms of PH1 (D and F), PH1-dcl1/2 (E and G), IFA65 (H), IFA65-dcl1 (I) and IFA65-dcl2 (J) on barley (D and E) and Bd (F-J).

https://doi.org/10.1371/journal.pone.0252365.g001

PLOS ONE F. graminearum DCL-dependent sRNAs are required for the suppression of host immune genes and full virulence

PLOS ONE | https://doi.org/10.1371/journal.pone.0252365 August 5, 2021 3 / 25

133

https://doi.org/10.1371/journal.pone.0252365.g001
https://doi.org/10.1371/journal.pone.0252365


Selection of sRNAs with sequence homology to plant genes

We looked for interaction-related fungal sRNAs that potentially could interfere with plant

gene expression by sequence-specific silencing. To this end, a previously published sRNA

sequencing data set of Fg sRNAs from an axenic IFA65 culture [10] was analysed for sRNAs

with sequence complementarity to barley genes. In order to identify a wide range of potential

targets, we applied only two selection criteria, namely i. size (21–24 nt) and ii. a minimal

number of reads (at least 400 reads in the dataset). From a total of 35,997,924 raw reads,

5,462,596 (comprising 589,943 unique sequences) had a length of 21–24 nt. From the unique

sequences, 1,987 had at least 400 reads. Since the IFA65 genome has not been sequenced, we

used the published genome information of Fg strain PH1 (genome assembly ASM24013v3

from International Gibberella zeae Genomics Consortium: GCA_000240135.3) for further

analysis. The majority of the 1,987 unique sRNAs mapped to rRNA (64.4%) and intergenic

regions (21.6%), while 3.7% and 2.4% mapped to protein coding genes and tRNAs, respec-

tively, and 7.8% did not perfectly match the reference genome (S1 Fig). According to the

TAPIR algorithm, the 1,987 sequences overall matched mRNAs of 2,492 genes (Hordeum

vulgare IBSC PGSB v2 reference genome; [38]) sufficiently close according to the refined tar-

get prediction criteria suggested by Srivastava et al. [39]. GO-enrichment analysis revealed an

enrichment in functions of nucleotide binding, motor activity and kinase activity and pro-

cesses such as transport and localization (S2 Fig). Most of the 14,156 transcripts of the 2,492

target genes, which we nominated as potential sRNA targets, showed partially homologous

sequences to more than one sRNA accounting for a total of 17,275 unique pairs of potential

target gene—sRNA combinations. Target prediction results are presented with only one tran-

script (splice variant) for every combination (S1 Table). Of note, merely 101 out of the 1,987

sRNAs had no predicted target among the total number of 248,391 plant mRNAs in the

IBSC_PGSB_v2 annotation.

Barley immune genes accumulate to higher levels in PH1-dcl1/2-infected

leaves

From the set of 2,492 barley genes with partial sequence homology to Fg sRNAs, we selected

16 genes for further analysis, based on an educated guess that they are potentially involved in

biotic stress reactions during plant-fungal interaction (Table 1). When tested with RT-qPCR,

we found eight genes, being targeted by a total of 104 unique Fg sRNAs, significantly higher

expressed (Student’s t-test, paired, �p<0.1, ��p<0.05, ���p<0.01) in leaves infected with

PH1-dcl1/2 vs. PH1 (Fig 2). Among these genes are three that encode proteins involved in

the regulation of either ethylene (ET) (Ethylene overproducer 1-like 1, HvEOL1) or auxin

responses (Auxin response transcription factors HvARF10 and HvARF19) and three kinases,

of which Somatic embryogenesis receptor-like kinase 2 (HvSERK2) and BRI1-associated

receptor kinase 1 (HvBAK1) are likely involved in recognition of microbe-associated molecu-

lar patterns (MAMPs). Moreover, genes encoding the plastid kinase 2-Phosphoglycolate

phosphatase 2 (HvPGLP2), Resurrection 1 (HvRST1, with a rather elusive function in cuticle

formation and embryo development), and the histone-lysine N-methyltransferase Su(var)3-

9-related protein 5 (HvSUVR5, involved in transcriptional gene silencing) were also strongly

expressed.

The first column gives the name of the respective gene abbreviated as in Fig 1 and in full.

The second column shows the respective accession. In the third column selected GO terms are

shown. The fourth and fifth columns give the accession and abbreviated name of the closest

homologue in At.
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Table 1. Selected GO-terms of tested genes and closest homologs in A. thaliana.

Name ensembl_gene_id GO_term A.thaliana
Homolog

Abbr.

HvARF3 HORVU1Hr1G076690 auxin-activated signaling pathway AT2G33860 ARF3
Auxin response transcription factor 3 regulation of transcription, DNA-templated

nucleus

HvSUB1 HORVU2Hr1G028070 Golgi apparatus AT4G08810 SUB1
Short under blue light 1 transferase activity, transferring glycosyl groups

fucose metabolic process

HvPPR HORVU2Hr1G078260 protein binding AT2G06000

Pentatricopeptide repeat superfamily

protein

HvSERK2 HORVU2Hr1G080020 integral component of membrane AT1G34210 SERK2
Somatic embryogenesis receptor-like

kinase 2_1

positive regulation of innate immune response

regulation of defense response to fungus

HvARF10 HORVU2Hr1G089670 auxin-activated signaling pathway AT2G28350 ARF10
Auxin response transcription factor 10 regulation of transcription, DNA-templated

nucleus

HvEOL1 HORVU2Hr1G119180 regulation of ethylene biosynthetic process AT4G02680 EOL1
ETO1-like 1 protein binding

HvRST1 HORVU3Hr1G016630 integral component of membrane AT3G27670 RST1
Resurrection 1 membrane

HvPIX7 HORVU3Hr1G051080 protein serine/threonine kinase activity AT5G15080 PIX7
Putative interactor of XopAC 7 ATP binding

protein kinase activity

Hvemb2726 HORVU5Hr1G024470 translation elongation factor activity AT4G29060 emb2726
Embryo defective 2726 mitochondrion

intracellular

HvPGLP2 HORVU5Hr1G052320 chloroplast AT5G47760 PGLP2
2-Phosphoglycolate phosphatase 2 phosphoglycolate phosphatase activity

hydrolase activity

HvATG2 HORVU6Hr1G034660 autophagy of peroxisome AT3G19190 ATG2
Autophagy-related 2 autophagy

HvSUVR5 HORVU6Hr1G069350 histone-lysine N-methyltransferase activity AT2G23740 SUVR5
Su(var)3-9-related protein 5 chromosome

methyltransferase activity

HvRDR1 HORVU6Hr1G074180 RNA-directed 5’-3’ RNA polymerase activity AT1G14790 RDR1
RNA-dependent RNA polymerase 1 RNA binding

gene silencing by RNA

HvGDH HORVU6Hr1G076880 glycine decarboxylation via glycine cleavage system AT2G35370 GDH1
Glycine decarboxylase complex H glycine cleavage complex

mitochondrion

HvBAK1 HORVU7Hr1G068990 integral component of membrane AT1G34210 SERK2
Somatic embryogenesis receptor-like

kinase 2_2

transmembrane receptor protein serine/threonine kinase

signaling pathway

HvARF19 HORVU7Hr1G096460 auxin-activated signaling pathway

Auxin response transcription factor 19 regulation of transcription, DNA-templated

nucleus

BdSERK2 BRADI_5g12227v3 integral component of membrane AT1G34210 SERK2
Somatic embryogenesis receptor-like

kinase 2

positive regulation of innate immune response

regulation of defense response to fungus

https://doi.org/10.1371/journal.pone.0252365.t001
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HvEOL1 transcripts also accumulate to higher levels upon DCL knock-

down via spray induced gene silencing (SIGS)

We selected HvEOL1 (HORVU2Hr1G119180), which is a homologue of At Ethylene overpro-
ducer1 (AtETO1; AT4GO2680.1), for further analysis. The alignment of the respective protein

sequences of HvEOL1 and AtETO1 is shown in S3 Fig. AtETO1 negatively regulates ethylene

synthesis in At by ubiquitination of type-2 1-Aminocyclopropane-1-carboxylate synthases

(ACSs), which produce the direct precursor of ET [40] (S4 Fig). Upon inoculation with PH1,

HvEOL1 expression was reduced by 23% as compared to non-inoculated barley leaves. In con-

trast, HvEOL1 was strongly expressed in PH1-dcl1/2-infected leaves well above the levels mea-

sured either in PH1- or mock-inoculated leaves. To further substantiate that HvEOL1
expression is under the control of fungal DCL activity, we used a SIGS strategy [10] to partially

inactivate DCL function in Fg. Two-week-old detached leaves were sprayed with 20 ng μl-1 of

dsRNA-dcl1/2, a 1,782 nt long dsRNA derived from the sequences of IFA65-DCL1 and IFA65-

DCL2 (S5A and S5B Fig). 48 h later, leaves were drop inoculated with conidia and harvested at

5 dpi. Consistent with the expectation that exogenous dsRNA-dcl1/2 mediates silencing of

their DCL gene targets, RT-qPCR analysis confirmed that the transcript levels of IFA65-DCL1
and IFA65-DCL2 were reduced to 22% and 42%, respectively, as compared with the Tris-

EDTA (TE) buffer control (Fig 3A). In accordance with the results obtained with strain PH1,

HvEOL1 was also significantly (p = 0.029, Student’s t-test (Δct), one sided, paired) downregu-

lated in response to IFA65 infection compared to mock controls treated with 0.02% Tween20

(Fig 3B). In contrast, however, when leaves were sprayed with dsRNA-dcl1/2 prior to

Fig 2. Relative expression (log2 fold) of potential barley target genes for fungal sRNAs in leaves infected with Fusarium graminearum wt strain

PH1 vs. PH1-dcl1/2. Expression was normalized against barley Ubiquitin (HvUBQ) and subsequently against the Δct of the uninfected control (mock

treatment). Bars represent the mean±SE of three independent biological replicates. Significant differences were calculated for the expression of a

respective gene in PH1 vs. PH1-dcl1/2-infected samples and PH1 vs. controls. The dotted line shows the expression level of mock treatment. (Student‘s

t-test, (paired) one sided, �P<0.1, ��P<0.05, ���P<0.01).

https://doi.org/10.1371/journal.pone.0252365.g002
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inoculation with IFA65, HvEOL1 transcripts accumulated (p = 0.055, Student’s t-test (Δct),

one sided, paired) in comparison with the inoculated leaves sprayed with TE buffer (Fig 3C).

Fungal sRNAs targeting HvBAK1, HvEOL1, and HvSERK2 mRNAs are less

abundant in PH1-dcl1/2 vs. PH1

To detect the abundance of specific Fg-sRNAs, originally identified by sequencing of axenic

IFA65 mycelium, in PH1-infected plant tissue, we performed reverse transcription stem-loop

qPCR [41]. From the above defined pool of 1,987 Fg-sRNAs (axenic, 21–24 nt length, > = 400

reads) 22 unique sRNAs matched partial sequences of HvEOL1, 10 matched HvBAK1 and five

matched HvSERK2. Fg-sRNA-1921 matched all three genes and Fg-sRNA-321 matched both

HvEOL1 and HvBAK1 (Table 2 and S2 Table). These two sRNAs show high sequence similari-

ties among each other. To identify their origin, they were aligned to the genomic sequence of

strain PH1 (GCA_900044135.1). We found that they match the gene Fg_CS3005_tRNA-Gly-
GCC-1-9 encoding tRNA-Gly for the anticodon GCC. Of note, a larger cluster of 27 overlap-

ping tRNA-derived fragments (tRFs) with more than 50 reads matching the tRNA-Gly gene

sequence were detected (S6 Fig). To assess differential accumulation of tRFs from the

Fg_CS3005_tRNA-Gly-GCC-1-9 cluster in leaves infected with PH1 vs. PH1-dcl1/2, sRNAs

were reverse transcribed using hairpin-priming followed by qPCR amplification [41]. For this

analysis, we chose Fg-sRNA-321, the most abundant tRF from this cluster, along with Fg-
sRNA-1921, which targets all three GOIs and an additional tRF (Fg-sRNA-6717), which targets

HvEOL1 and HvBAK1 (see Table 2) to assess the sensitivity of the assay. In the initial IFA65

dataset the Fg-sRNA-321 had a read count of 2,106, Fg-sRNA-1921 had 416 and Fg-sRNA-

6717 had 86 from a total of more than 5 million reads (S7 Fig). This equals 386 reads per mil-

lion (rpm) for Fg-sRNA-321, while in average unique reads had only 1.7 rpm. Using TAPIR

[42], we also calculated the target score values for all three tRFs, which is a measure for the sim-

ilarity between sRNA and target. A high value refers to more dissimilarities. Mismatches

(MMs) increase the score by one point and G-U pairs by 0.5 points. These values are doubled

if the respective MMs and G-U pairs are located between the second and 12th nt of the sRNA

Fig 3. Relative expression of HvEOL1 in response to inoculation of barley leaves with Fusarium graminearum. A, Relative expression of FgDCL1
and FgDCL2 on detached barley cv. Golden Promise leaves at 5 dpi in wt strain IFA65 and 7 days post spray application of the 1,782 nt long dsRNA

construct dsRNA-dcl1/2 vs. TE buffer. B, Relative expression of HvEOL1 at 5 dpi with IFA65 vs. mock control. C, Relative expression of HvEOL1 5 dpi

with wt strain IFA65 and 7 days post spray application of dsRNA-dcl1/2 vs. TE buffer. Gene expression was first normalized against the reference gene

HvUBQ (HORVU1Hr1G023660) and subsequently against the Δct of the respective control for B (mock = 0.002% Tween20) and for A,C (IFA65 / TE).

Bars represent the mean ± SE of three (B) and four (A, C) independent biological replicates. (Student‘s t-test, �P<0.05, ���P<0,005).

https://doi.org/10.1371/journal.pone.0252365.g003
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(5’-3’) because a high similarity in the seed region of the sRNA is especially important for

RNAi [43]. Fg-sRNA-321 has a score of 4.5 for HvBAK1 and HvEOL1, Fg-sRNA-1921 has a

score of 4, 3.5 and 6 for HvBAK1, HvEOL1 and HvSERK2, respectively and Fg-sRNA-6717 has

a score of 5.5 and 4.5 with HvBAK1 and HvEOL1. In plants other than Arabidopsis, such as

Table 2. Target prediction results of Fg-sRNAs with more than 400 reads in IFA65 axenic culture.

sRNA-Name Reads Score Alignment Length

Fg-sRNA-321 2106 4.5 3’ GCUUGGGUCCCGAGGGGCUACC 5’ 22

..|.o|||||||||||||o|||

HvEOL1 5’ GAAUUCCAGGGCUCCCCGGUGG 3’

Fg-sRNA-1921 416 3.5 3’ CUUGGGUCCCGAGGGGCUACC 5’ 21

.|.o|||||||||||||o|||

HvEOL1 5’ AAUUCCAGGGCUCCCCGGUGG 3’

Fg-sRNA-6717 86 4.5 3’ UAGCUUGGGUCCCGAGGGGCUAC 5’ 23

||..|.o|||||||||||||o||

HvEOL1 5’ AUGAAUUCCAGGGCUCCCCGGUG 3’

Fg-sRNA-1921 416 6 3’ CUUGGGUCCCGAGGGGCUACC 5’ 21

|.||.|||||.||.|||||||

HvSERK2 5’ GCACGCAGGGGUCACCGAUGG 3’

Fg-sRNA-321 2106 4.5 3’ GCUUGGGUCCCGAGGGGCUACC 5’ 22

o|.||.|||||||||||.||||

HvBAK1 5’ UGCACACAGGGCUCCCCCAUGG 3’

Fg-sRNA-1921 416 4 3’ CUUGGGUCCCGAGGGGCUACC 5’ 21

|.||.|||||||||||.||||

HvBAK1 5’ GCACACAGGGCUCCCCCAUGG 3’

Fg-sRNA-6717 86 5.5 3’ UAGCUUGGGUCCCGAGGGGCUAC 5’ 23

.|o|.||.|||||||||||.|||

HvBAK1 5’ UUUGCACACAGGGCUCCCCCAUG 3’

Fg-sRNA-321 2106 5.5 3’ GCUUGGGUCCCGAGGGGCUACC 5’ 22

..|.o|||||||||o|||o|||

BdEOL1 5’ GAAUUCCAGGGCUCUCCGGUGG 3’

Fg-sRNA-1921 416 4.5 3’ CUUGGGUCCCGAGGGGCUACC 5’ 21

.|.o|||||||||o|||o|||

BdEOL1 5’ AAUUCCAGGGCUCUCCGGUGG 3’

Fg-sRNA-6717 86 5.5 3’ UAGCUUGGGUCCCGAGGGGCUAC 5’ 23

||..|.o|||||||||o|||o||

BEOL1 5’ AUGAAUUCCAGGGCUCUCCGGUG 3’

Fg-sRNA-321 2106 3.5 3’ GCUUGGGUCCCGAGGGGCUACC 5’ 22

o|.||.||.|||||||||||||

BdSERK2 5’ UGCACGCAAGGCUCCCCGAUGG 3’

Fg-sRNA-1921 416 3 3’ CUUGGGUCCCGAGGGGCUACC 5’ 21

|.||.||.|||||||||||||

BdSERK2 5’ GCACGCAAGGCUCCCCGAUGG 3’

Fg-sRNA-6717 86 5.5 3’ UAGCUUGGGUCCCGAGGGGCUAC 5’ 23

..o|.||.||.||||||||||||

BdSERK2 5’ UCUGCACGCAAGGCUCCCCGAUG 3’

Mismatches (MMs) between mRNA and sRNA are marked as “.”, while G-U pairs are marked as “o”.

https://doi.org/10.1371/journal.pone.0252365.t002
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wheat and rice, a score cut off at 4 or 6 points lead to a precision of 82% or 62% and a recall of

known interactions of 39% or 58% respectively according to Srivastava et al. [39].

All three fungal tRFs were detected in infected leaves, while they could not be found in

uninfected leaves (Fig 4). Significantly lower amounts of Fg-sRNA-1921 (59%), Fg-sRNA-321

(56%), and Fg-sRNA-6717 (60%) were detected in PH1-dcl1/2 vs. PH1-infected leaves (Fig 4),

showing that their biogenesis is DCL-dependent.

Fg-sRNA-321 and Fg-sRNA-1921 also match SERK2 in Brachypodium
distachyon Bd21-3

Next, we assessed the possibility that Fg-sRNA-321, Fg-sRNA-1921 and Fg-sRNA-6717 also

have sequence homologies in At and the model grass Bd. Target prediction with the TAPIR

algorithm using the optimised parameters for At (score = 4; mfe = 0.7), could not detect poten-

tial targets in At ecotype Col-0. In contrast, these three tRFs matched the sequence of Brachy-
podium somatic embryogenesis receptor-like kinase 2 (BdSERK2) in Bd21-3 with a score of 3.5,

3 and 5.5, respectively (Table 2). We examined the expression pattern of BdSERK2 in response

to leaf infection: BdSERK2 is relatively weakly expressed in uninfected plants and is not further

suppressed after inoculation with PH1, whereas it strongly accumulated in PH1-dcl1/2 vs.

Fig 4. Relative amount of different fungal tRFs with homology to HvEOL1 mRNA. Relative amount of different fungal tRFs with homology to

HvEOL1 mRNA during infection of barley leaves with PH1 and PH1-dcl1/2 normalized to fungal biomass and relative quantity of sRNAs normalized to

wt PH1 measured by qPCR. Fg-sRNA-1921, Fg-sRNA-321 and Fg-sRNA-6717 quantity was normalized to Hvu-miR159 and Hvu-miR168 and fungal

biomass as determined by FgEF1α expression was normalized to HvUBQ. Subsequently the amount of sRNAs was normalized with fungal biomass. The

amount of sRNA in PH1-infected leaves was set to 1. Values and error bars represent the mean ± SE of three independent biological replicates.

Significance was calculated via a one-sample t-test. (��P<0.01, ���P<0.005).

https://doi.org/10.1371/journal.pone.0252365.g004
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PH1-infected Bd21-3 (Fig 5). This finding further supports the possibility that the control of

SERK2 expression via RNAi pathways by Fg is evolutionary conserved in cereals.

RLM-RACE shows infection specific degradation products of HvBAK1,

HvEOL1 and HvSERK2
We assessed the sRNA-mediated cleavage of HvBAK1, HvEOL1, and HvSERK2 mRNAs, using

a modified RNA-ligase-mediated Rapid Amplification of cDNA Ends (RLM-RACE) assay.

Control samples were prepared both from uninfected tissue and from infected tissue without

the reverse transcription step (no-RT control) and PCR products were visualized on an EtBr-

Agarose gel. In these no-RT controls no amplification was visible.

For each gene more than one infection-specific product was amplified (blue and red

arrows), which could not be amplified from the uninfected sample (Fig 6D–6F). We excised

three bands (red arrows) of the expected size for a Fg-sRNA-1921 guided cleavage of HvBAK1
(Fig 6D) and one band for HvEOL1 (Fig 6E) and HvSERK2 (Fig 6F) and cloned them into the

pGEM-T easy vector system. According to the IBSC_PGSB_v2 assembly, HvBAK1 has splice

variants, which could produce cleavage products of different lengths while for HvSERK2 and

HvEOL1 there are no introns between sRNA target site and primer. From each band, five colo-

nies were picked and for 23 of these extracted plasmids sequences were obtained. 16 sequences

perfectly matched the reference genome, four with one MM and one with four MMs. Two

sequences did not match the reference sufficiently enough to be aligned over the full length.

The observed cleavage products are close to but do not match the canonical slice site between

the 10th and 11th nt of Fg-sRNA-1921 and Fg-sRNA-321 (Fig 6A–6C).

Fig 5. Relative expression of BdSERK2 in response to inoculation of Brachypodium distachyon leaves with

Fusarium graminearum. Relative expression of BdSERK2 in detached Bd21-3 leaves at 4 dpi with PH1 vs. PH1-dcl1/2.

The gene expression was first normalized against the reference gene BdUBI4 and subsequently against the Δct of the

mock treated control. Values and error bars represent the mean ± SE of three independent biological replicates.

(Student‘s t-test, paired, one sided, ��P<0,01).

https://doi.org/10.1371/journal.pone.0252365.g005
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Total sRNAs predicted to target a gene in barley are correlated with the de-

repression strength

Not all potential targets of Fg-sRNAs are downregulated nor do all potential targets show a re-

accumulation upon infection with PH1-dcl1/2 (see Fig 3). To address this bias we conducted a

more focused target prediction exclusively for the 16 genes already tested by RT-qPCR. This

allowed a much more thorough search, where targets for all sRNAs with at least two reads

were predicted. From these 136,825 unique sRNAs (axenic, 21–24 nt length, > = 2 reads) rep-

resenting 4,997,312 reads of the total of 5,439,472 reads 21–24 nt in length, 5,052 have poten-

tial target sequences in the 16 mRNA sequences selected for further investigation in the

Hordeum vulgare cv. GP assembly GCA_902500625. An additional filter step was employed to

select for sRNAs with a maximum of one MM to the PH1 assemblies GCA_000240135.3 and

GCA_900044135.1. Subsequently, sRNAs with up to one MM to Fg-rRNAs were removed

leaving a total of 1,212 sRNAs with 1,311 potential sRNA-mRNA interactions representing

85,531 reads in the analysis.

To establish a correlation of the observed resurgence of potential target genes and targeting

sRNAs, we analysed the DCL-dependent expression change using ΔΔΔct values. To compare

the expression of a GOI in two samples, the difference between the ct-values for a reference

gene and the GOI can be determined (Δct) and to calculate the expression difference between

the control and treated sample the difference between the Δct values (ΔΔct) is calculated. We

Fig 6. Analysis of potential target sites of Fg-sRNAs as determined by RLM-RACE products. A,B,C Potential target sites of Fg-sRNA-321 and Fg-
sRNA-1921 predicted by TAPIR (blue), genomic DNA (GPv1, GCA_902500625.1, A: contig7:321364603–321365033, B: contig2:598018255–598018555,

C: contig2:474465508–474465708) of barley cv. Golden Promise (green), and the alignment of sequences derived from the RLM-RACE PCR (red)

relative to the Hv-gDNA and Fg-sRNAs. D,E,F PCR-products of the second nested RLM-RACE-PCR visualized in an EtBr-Agarose gel. Red arrows

indicate excised bands and blue arrows indicate infection specific products.

https://doi.org/10.1371/journal.pone.0252365.g006
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further defined the ΔΔΔct value as the difference between the ΔΔct values for a GOI in PH1

and PH1-dcl1/2-infected samples. From this follows a gene with a negative ΔΔΔct value shows

a higher transcript accumulation during the infection with a fungal strain with compromised

DCL function and the stronger the accumulation the lower this ΔΔΔct value is. We found a

negative correlation between the ΔΔΔct value and the number of total sRNAs targeting a GOI

(Fig 7). This correlation becomes more significant if a lower score cut-off for the target predic-

tion is chosen until the cut-off of four. The most significant correlation is for all predicted

interactions with a score equal or below four with a p-value of 0.011 (t-test) (Fig 7B). The p-

value for a correlation with a cut-off of five (Fig 7C) is 0.033 (t-test) and six (Fig 7D) is 0.094

(t-test), while a score cut-off of 3 leads to a situation, where there are no predicted sRNA inter-

actions for all genes except for three (Fig 7A).

Fig 7. The degree of DCL-dependent gene silencing is correlated with the number of homologous fungal sRNAs. Each dot represents a predicted

target gene of Fg-sRNAs. On the x-axis the ΔΔΔct-value is shown with bars representing SD. On the y-axis the log2 of the number of total sRNAs

potentially targeting each gene are shown. The dotted line represents a linear regression model. P indicates the significance (t-test) of the model and the

score cut-off indicates the score limit used during the target prediction. Plot A, B, C and D are the calculations for a score cut off of 3, 4, 5 and 6

respectively.

https://doi.org/10.1371/journal.pone.0252365.g007
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Discussion

We show here that full virulence of the ascomycete fungus Fusarium graminearum on grami-

naceous leaves depends on the activity of fungal DCLs. The dKO mutant PH1-dcl1/2 is less vir-

ulent on barley and the two single KO mutants IFA65-dcl1 and IFA65-dcl2 also are less

virulent on Brachypodium. These results are consistent with our previous studies showing that

knock-down or SIGS-mediated silencing of Fusarium DCLs and other components of the

RNAi machinery reduced the virulence of the fungus on barley [8, 44]. DCL enzymes are key

components of the fungal RNAi machinery required for the biogenesis of sRNAs directing

silencing of sequence-complementary endogenous and foreign genes [45]. The latter case

involves DCL-dependent pathogen-derived sRNAs that target plant defense genes to increase

virulence as shown for Botrytis cinerea [19, 21], Puccinia striiformis [23] and Magnaporthe ory-
zae [46].

In the present work we found potential host target genes for fungal small RNAs (Fg-sRNAs)

that were differentially regulated in response to plant infection with Fg wt vs. Fg DCL KO

mutants, and the same effect was confirmed when DCLs were silenced by SIGS. This suggests

a scenario in which impaired DCL function resulting in reduced fungal RNAi activity ulti-

mately leads to de-repression of host target genes. Of note, target gene de-repression was also

observed when the transcript was not significantly downregulated by the wt fungus during

infection. This could be explained by a mutually neutralizing effect in which Fg-sRNAs contin-

uously target genes for silencing, while concurrent plant immune responses are a trigger for

up-regulation. Thus, one can speculate that these described effects reflect an abrogation of

host-favouring upregulation by host immunity vs. pathogen-favouring downregulation by

sRNA effectors.

We identified three tRFs predicted to target BdSERK2, HvBAK1, HvEOL1 and HvSERK2.

Unexpectedly, these tRFs are partially DCL-dependent, with a reduced abundance by more

than 50% during infections with the dKO mutant PH1-dcl1/2 vs. wt PH1 based on fungal bio-

mass. Current knowledge of tRFs in fungi and oomycetes suggests that their silencing activity

is independent of DCL, as shown for Sclerotinia sclerotiorum [47] and Phytophthora infestans,
where the production is partially dependent on AGO [48]. Furthermore, analysis of tRFs in

Cryptococcus spp. revealed a RNAi-independent generation of tRFs and possible compensa-

tory effects in an RNAi-deficient genotype [49]. Interestingly however, the tRFs Fg-sRNA-321,

Fg-sRNA-1921 and Fg-sRNA-6717 are neither 5’- or 3’ tRNA halves nor do they belong to any

of the described tRF-1, tRF-2, tRF-4 or tRF-5 classes [50] applied by the tRFtarget database for

animals, yeast (Schizosaccharomyces pombe) and the bacterium Rhodobacter sphaeroides [51].

When following the classification of the tsRBase used for all eukaryotic kingdoms and bacteria

[52], the three tRFs are classified as internal tRFs based on the origin within the mature tRNA.

Interestingly, there are tRFs found in Phytophthora sojae starting in the anticodon loop and

ending in the T loop of mature tRNAs [53], which resembles the Fg-sRNA tRFs (S8 Fig).

We observed several infection-specific degradation products of the predicted host target

genes HvBAK1, HvEOL1 and HvSERK2 for tRFs Fg-sRNA-321, Fg-sRNA-1921 and Fg-sRNA-

6717. However, cleavage occurred outside the canonical miRNA cleavage site as defined by

Mallory et al. [43], though these genes are partially silenced during infection and silencing is

apparently abolished upon infection with the DCL dKO mutant. While the canonical cleavage

site for miRNA-directed cleavage in At is well defined, the tRF-directed cleavage observed by

5’ RACE of transposable elements in At [54] and of defence-related genes during the infection

of black pepper (Piper nigrum) with Phytophthora capsici [55] was found outside of the canoni-

cal cleavage site. Additionally, the identification of sRNA-directed cleavage sites in barley

often leads to divergent findings. Ferdous et al. [56] predicted ~400 target genes for 11
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presumably drought responsive miRNAs and found cleavage products for 15 targets overlap-

ping the respective miRNAs alignment through degradome sequencing in the two barley culti-

vars Golden Promise (GP) and Pallas. From these confirmed targets, 13 were cleaved at the

canonical 10th-11th nt site, one was cleaved at 19th-20th nt, and one at the 5th-6th nt. Hacken-

berg et al. [57] predicted 97 target genes of drought responsive miRNAs in GP and identified

eight targets through degradome sequencing, which were all cleaved outside of the 10th-11th nt

site. Thus, both studies suggest the presence of non-canonical miRNA directed cleavage. Of

note, both studies relied on the same degradome sequencing dataset from GP, while Ferdous

et al. also observed non-canonical cleavage in an independent Pallas dataset. Moreover, in a

study performed by Curaba et al. [58] 96 target genes of GP for miRNAs involved in seed

development and germination were identified by degradome sequencing and only 16 targets

were cleaved exclusively at the 10th-11th nt site, while the other targets were sporadically

cleaved with an offset (24) and 56 were cleaved in majority in a non-canonical site. Finally,

Deng et al. [59] identify in the barley cultivar Morex 65 target genes of 39 miRNAs, and for

only 32% of the identified targets the canonical 10th-11th nt cleavage product was the major

degradome product. Together these studies highlight the challenges in the identification of

cleavage sites of sRNAs in barley and cleavage sites of tRFs in plants. The absence of canonical

cleavage products for tRFs does therefore not exclude the tRF-directed cleavage of HvBAK1,

HvEOL1 and HvSERK2.

We found that 22 Fg-sRNAs target HvEOL1, a putative negative regulator of ET biosynthe-

sis in barley. In Arabidopsis thaliana the EOL1 homolog AtETO1 acts together with AtEOL1

and AtETO1-like 2 (EOL2) in directing the ubiquitination and subsequent degradation of

type-2 1-aminocyclopropane-1-carboxylate synthase (ACS) proteins (e.g. ET overproducer 2

(ETO2)) [40, 60]. ET is a gaseous plant hormone that plays an important role in regulating

plant growth and development, and is critical for pathogen interaction and abiotic stresses

[61]. Generally, ET acts synergistically with jasmonate (JA) in the defence response against

necrotrophic pathogens and this ET/JA response has antagonistic effects on salicylic acid (SA)

signalling against biotrophic pathogens. Yet in low amounts JA and SA act synergistically [62,

63]. Therefore, controlling both ET biosynthesis and ET signalling is crucial for plants.

Towards this, plants have evolved complex mechanisms that allow tight regulation of ET path-

ways e.g. at the level of (i) ET production mainly by regulating ACS gene family members, (ii)

ET perception through constitutive triple response 1 (CTR1)-mediated inhibition of positive

regulator ET insensitive 2 (EIN2) [64, 65], and (iii) expression of ET-responsive TFs (e.g. ET

response factor 1 (ERF1)) via EBF-mediated degradation of ET insensitive 3 (EIN3) [66] (S4

Fig). According to the anticipated role of ET in the plant response to necrotrophic pathogens,

such as Fg, targeting negative regulators of ET synthesis such as HvEOL1 would be detrimental

to Fg colonization. Of note, our findings are consistent with previous results demonstrating

that Fg exploits ET signalling to enhance colonization of Arabidopsis, wheat and barley [67],

supposedly through an increase in DON-induced cell death through ET. These findings fur-

ther challenge the role of ET in defence against necrotrophic pathogens. Strikingly, the authors

showed that in Arabidopsis ET overproducing mutants (ETO1 and ETO2) and a negative reg-

ulator of ET signalling (CTR1) are more susceptible to Fg, while At mutants in ET perception

(ETR1) and signalling (EIN2 and EIN3) are resistant. These findings were confirmed by the

direct application of ET during the infection of wheat and barley, which lead to increased sus-

ceptibility to Fg. Based on these findings, we suggest that negative regulators of ET are efficient

targets for sRNA-directed manipulation of host immunity by Fg.
The bacterial pathogen Pseudomonas syringae secretes two effector molecules, AvrPto and

AvrPtoB, into host plants. These effectors interact with the receptor-like kinase BRI1-asso-

ciated receptor kinase 1 (BAK1), also known as SERK3, thereby preventing the recognition of
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various MAMPs through the association of BAK1 with pattern recognition receptors (PRRs)

such as flagellin-sensitive 2 (FLS2) and Ef-Tu receptor (EFR) [68]. We observed FgDCL-

dependent silencing of the cereal BAK1 homologs HvBAK1, HvSERK2 and BdSERK2. While

these genes have a higher similarity to AtSERK2 than to AtSERK3 (AtBAK1), they still are

among the closest homologs to AtBAK1 found in cereals (S9 Fig). It is tempting to speculate

that further experiments will uncover additional hubs that are targeted both by protein and

sRNA effectors.

Conclusion

Our data show that in the necrotrophic ascomycete Fusarium graminearum gene silencing

by RNAi shapes its ability to cause disease, which is consistent with earlier results on the sig-

nificance of the RNAi machinery in Fg [8, 35]. Pathogenicity relies on DICER-like (DCL)-

dependent sRNAs that were identified as potential candidates for fungal effectors targeting

defence genes in two Poaceae hosts, barley and Brachypodium. We identified Fg-sRNAs with

sequence homology to host genes that were down-regulated by Fg during plant colonisation,

while they were expressed above their level in healthy plants after infection with a DCL dKO

mutant. In PH1-dcl1/2 vs. PH1 the strength of target gene accumulation correlated with the

abundance of the corresponding Fg-sRNA. Our data hint to the possibility that three DCL-

dependent tRFs with sequence homology to immunity-related Ethylene overproducer 1-like 1
(HvEOL1) and three Poaceae orthologues of Arabidopsis thaliana BRI1-associated receptor
kinase 1 (HvBAK1, HvSERK2 and BdSERK2) contribute to fungal virulence via targeted gene

silencing.

Experimental procedures

Plants, fungi and plant infection

Fusarium graminearum (Fg) strain PH1, the double knock-out (dKO) PH1-dcl1/2 (Dr. Martin

Urban, Rothamsted Research, England), strain IFA65 (IFA, Department for Agrobiotechnol-

ogy, Tulln, Austria) and single mutants IFA65-dcl1 and IFA65-dcl2 [8] were cultured on syn-

thetic nutrient poor agar (SNA). Preparation of fungal inoculum was performed as described

[69]. Arabidopsis thaliana ecotype Col-0 and Atago1-27 ([70]; Polymorphism:3510706481)

were grown in 8 h photoperiod at 22˚C with 60% relative humidity in a soil—sand mixture

(4:1) (Fruhstorfer Type T, Hawita, Germany). For infection, 15 rosette leaves were detached

and transferred in square Petri plates containing 1% water-agar. Drop-inoculation of At leaves

was done with 5 μl of a suspension of 5 × 104 Fg conidia ml−1 at two spots per leaf. Infection

strength was recorded as infection area (size of chlorotic lesions relative to total leaf area)

using the ImageJ software (https://imagej.nih.gov/ij/).

For infection of barley (Hordeum vulgare cv. Golden Promise, GP) and Brachypodium dis-
tachyon (Bd21-3), plants were grown in a 16 h photoperiod at 20˚C/18˚C day/night and 60%

relative humidity in soil (Fruhstorfer Type LD80, Hawita). Ten detached second leaves were

transferred into square Petri plates containing 1% water-agar. GP leaves were drop-inoculated

with 3 μl of 1.5 x 105 conidia ml-1 conidia suspension. Bd21-3 leaves were drop-inoculated on

two spots with 10 μl of 1 x 104 conidia ml-1 conidia suspension. Infection strength was mea-

sured with the PlantCV v2 software package (https://plantcv.danforthcenter.org/) (Hv) by

training a machine learning algorithm to recognize necrotic lesions or by ImageJ (Bd). For

gene expression analysis, a suspension of 5 x 104 Fg conidia ml-1 was used and leaves were

either inoculated on 3 spots with 20 μl (Hv) or on 2 spots with 10 μl (Bd), respectively and

experiments were evaluated 5 dpi or 4 dpi for strain PH1 on Bd.
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Fungal transcript analysis

Gene expression analysis was performed using reverse transcription quantitative PCR (RT-

qPCR). RNA extraction was performed with GENEzol reagent (Geneaid) following the manu-

facturer’s instructions. DNA was digested with DNAse I (Thermo Scientific) according to

manufacturer protocol and remaining RNA was used for cDNA synthesis using qScript™
cDNA kit (Quantabio). For RT-qPCR, 10 ng of cDNA was used as template in the QuantStu-

dio 5 Real-Time PCR system (Applied Biosystems). Amplifications were performed with 5 μl

of SYBR1 green JumpStart Taq ReadyMix (Sigma-Aldrich) with 5 pmol oligonucleotides.

Each sample had three technical repetitions. After an initial activation step at 95˚C for 5 min,

40 cycles (95˚C for 30 sec, 60˚C for 30 sec, 72˚C for 30 sec) were performed followed by a melt

curve analysis (60˚C-95˚C, 0.075˚C/s). Ct values were determined with the QuantStudio

design and analysis software supplied with the instrument. Transcript levels were determined

via the 2-ΔΔCt method [71] by normalizing the amount of target transcript to the amount of the

reference transcript Elongation factor 1-alpha (EF1-a, FGSG_08811) gene (S2 Table).

Plant transcript analysis

Leaves were shock frozen at 5 dpi and RT-qPCR was performed as for fungal transcript analy-

sis. Reference genes were Ubiquitin-40S ribosomal protein S27a-3 (HORVU1Hr1G023660) for

GP and Ubi4 (Bradi3g04730) for Bd21-3 according to Chambers et al. [72] (S1 Table). Primers

were designed using Primer3 v2.4.0 [73].

Spray application of dsRNA

Second leaves of 2 to 3-week-old GP were detached and transferred to square Petri plates con-

taining 1% water agar. dsRNA was diluted in 500 μl water to a final concentration of 20 ng μl-1.

As control, Tris-EDTA (TE) buffer was diluted in 500 μl water corresponding to the amount

used for dilution of the dsRNA. Typical RNA concentration after elution was 500 ng μl-1, with

400 μM Tris-HCL and 40 μM EDTA in the final dilution. Each plate containing 10 detached

leaves was evenly sprayed with either dsRNAs or TE buffer with 500 μl, and subsequently kept

at room temperature [10]. Two days after spraying, leaves were drop-inoculated with three

20 μl drops of Fg suspension containing 5 × 104 conidia ml−1. After inoculation, plates were

closed and incubated for five days at room temperature.

Target prediction for sRNAs

RNA was purified and enriched for sRNAs from fungal axenic culture (PRJNA749737)

using the mirVana miRNA Isolation Kit (Life Technologies). Indexed sRNA libraries were

constructed from these sRNA fractions with the NEBNext Multiplex Small RNA Library Prep

Set for Illumina (New England Biolabs) according to the manufacturer’s instructions. Reads

were trimmed with the cutadapt tool v2.1 [74] by removing adapters and retaining reads

with a length of 21–24 nt and quality checked with the fastQC tool v0.11.9 (http://www.

bioinformatics.babraham.ac.uk/projects/fastqc/). For S1 Fig reads were aligned to the Fg
reference genome (GCF_000240135.3_ASM24013v3) with bowtie2 [75] following a sensitive

alignment policy (-D 100, -R 10, -L 19). The aligned reads were assigned to the additional attri-

bute “gene_biotype” with htseq-count [76] according to the latest assembly (ftp://ftp.

ensemblgenomes.org/pub/release-44/fungi/gff3/fungi_ascomycota3_collection/fusarium_

graminearum_gca_000240135). Remaining reads were collapsed with the fastx toolkit v0.0.14

[77] and reads with at least 400 reads were targeted against the IBSC_PGSB_v2 cDNA annota-

tion with the plant miRNA target prediction algorithm TAPIR [42], following the optimized
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parameters according to Srivastava et al. [39]. The results of the target prediction were further

analysed with RStudio [78] and the package biomaRt [79] to find targets associated with stress

and immunity associated Gene ontology (GO) terms in the database “plants_mart” from

plants.ensembl.org hosted by the EBI (European Bioinformatics Institute) and the Wellcome

Trust Sanger Institute. The same method was used for the identification of target genes in B.

distachyon (GCA_000005505.4) and A. thaliana (Araport11).

Stemloop-RT-qPCR of sRNAs

RNA was extracted and genomic DNA was digested as described for the transcript analyses.

The sequences of sRNAs found in axenic fungal culture were used to design specific stem loop

(SL) primers matching the sRNA over 6 nt at the 3’end. For the primer design, the tool of

Adhikari et al. [80] was used. SL-primers were diluted to 10 pM and folded in a cycler (95˚C

for 15 min, 90˚C 5 min, 85˚C 5 min, 80˚C 5 min, 75˚C 1 h, 68˚C 1 h, 65˚C 1 h, 62˚C 1 h, 60˚C

3 h). These primers were used for cDNA synthesis (Thermo Scientific RevertAid RT Reverse

Transcription Kit) according to manufacturer’s instruction with an annealing step at 16˚C

instead of 25˚C and were used in multiplex to target respective fungal sRNAs and barley miR-

NAs Hvu-mir159 and Hvu-mir168 as references. To obtain amplification efficiencies, a mix

from all RNAs was diluted in a four step dilution series with a factor of ten and reverse tran-

scribed. Reactions were set up with the highest concentration of 15 ng μl-1 and the lowest of 15

pg μl-1 cDNA. All sRNA amplifications showed an efficiency of 80–82% and an R2 between 1

and 0.997 except for Fg-sRNA-6717 with an efficiency of 66.4%. For RT-qPCR, 1.5 μl of 3

ng μl-1 cDNA was used as template in the QuantStudio 5 Real-Time PCR system (Applied Bio-

systems). Amplifications were performed with 5 μl of SYBR1 green JumpStart Taq ReadyMix

(Sigma-Aldrich) with 1.5 pmol or 3 pmol oligonucleotides. Each sample had three technical

repetitions. As forward primer the unused nucleotides of the remaining sequence of the sRNA

were used, which were extended to achieve optimal melting temperature, and as reverse

primer the universal stem loop primer developed by Chen et al. [41] was used. Relative

abundance of the sRNAs was calculated with the ΔΔct-method with incorporation of amplifi-

cation efficiencies. sRNAs were normalized against the reference miRNAs Hvu-mir-159a and

168-5p and after this against the fungal biomass measured as EF1-α against HvUBQ
(HORVU1Hr1G023660).

Statistics

To assess the differential expression of genes via RT-qPCRs the Δct values were compared via

a one or two sided paired Students t-test. Disease symptoms were either compared via Students

t-test if the data showed a normal distribution in Shapiro-Wilk test or via a Wilcoxon rank

sum test.

RLM-RACE

RNA from GP barley infected with Fg-IFA65 at 5 dpi and an uninfected control was extracted

with the Isolate II plant miRNA kit (Bioline). 1 μg of RNA (>200 nt) of infected, uninfected

and a mix of both samples for a–RT-control were assembled. 1 μl of the 5’RACE Adapter

[0.3 μg/μl], 1 μl of the 10x Reaction Buffer, 1 μl of 1mg/μl BSA, 0.5 μl of T4 RNA Ligase [10U/

μl] (Thermo Scientific) and DEPC-treated water up to 10 μl were prepared and incubated at

37˚C for 60 min. Subsequently, the whole reaction was used for reverse transcription (Rever-

tAid Reverse Transcriptase, Thermo Scientific). 10 μl ligation reaction, 1 μl Random Hexamer

[100pmol/μl], 4 μl 5x Reaction Buffer, 0.5 μl RiboLock RNase Inhibitor (Thermo Scientific),

2 μl dNTP Mix [10 mM] and 1 μl RevertAid Reverse Transcriptase (or water (–RT control))
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and 1.5 μl water were mixed and run for 10 min at 25˚C, 60 min at 42˚C and 10 min at 70˚C.

Then, a nested hot-start touch-down PCR for each target gene was performed. The primer

sequences for the outer (first) and inner (second) PCR are shown in S1 Table. 5 μl of 10x Buffer

B, 1 μl of a dNTP Mix [10 mM], 2 μl MgCl2 [25 mM], 1μl Adapter specific Primer [10

pmol μl-1] and 1 μl gene specific primer (GSP) [10 pmol μl-1], 0.6 μl DCS DNA Polymerase

(DNA Cloning Service) [5 U/μl] and 2 μl cDNA or outer PCR reaction and 37.4 μl water were

mixed and run at 95˚C for 5 min, (95˚for 30 s, 68˚C-0.5˚C/cycle for 30 s, 72˚C for 30 s)�15,

(95˚C for 30 s, 60˚C for 30 s, 72˚C for 30 s)�18 and 72˚C for 5 min. PCR products were evalu-

ated in a 1.5% agarose gel and bands of the expected size, which were present in the infected

but not uninfected samples, were excised. Products were cleaned with the Wizard SV Gel and

PCR Clean-Up System (Promega) and cloned with the pGEM-T easy Vector Systems (Pro-

mega). For each band, five clones were picked for sequencing. Plasmids from O/N cultures

were extracted with the Monarch Plasmid Miniprep Kit (New England Biolabs) and sent for

sequencing to LGC genomics.

Analysis of target genes and targeting sRNAs

After the initial target prediction an additional target prediction for the newly released cultivar

specific genome (GCA_902500625) of barley cv. Golden Promise (GP) was conducted. Adapt-

ers were removed and reads were collapsed as described before for the target prediction. All

sRNA sequences were read with SeqinR v3.6–1 [81] and stored in a list of SeqFastadna objects.

To identify the homologous genes to the already identified targets in GP, the cDNA library

was blasted with the command-line blast application (Nucleotide-Nucleotide BLAST 2.6.0+)

[82] against the identified target sequences from the IBSC_PGSB_v2 cDNA library with per-

cent identity of 90 and a query coverage of 55% as cut-off values. All sRNAs with at least two

reads were written to a file in chunks of 2000 each and ran against each individual target gene

with TAPIR via the system2 function in R [83] in the RStudio software. Results were collected,

stored in a data.frame, and further analysed with R. sRNAs identified to target a gene of inter-

est (GOI) were written to a fasta file with SeqinR and blasted against the rRNAs from the

assemblies GCA_900044135.1 (Fg-PH1), GCA_000240135.3 (Fg-PH1) and the Fusarium
rRNAs from the RNAcentral fungal ncRNA dataset (ftp://ftp.ebi.ac.uk/pub/databases/

RNAcentral/current_release/sequences/by-database/ensembl_fungi.fasta (12/Sep/2020)) with

the options wordsize = 4, perc_identity = 95, qcov_hsp_perc = 95. All sRNAs matching rRNAs

were removed. Thereafter, sRNAs were compared to the Fg assemblies GCA_900044135.1 (Fg-
PH1) and GCA_000240135.3 (Fg-PH1) with the same blast strategy and only perfectly match-

ing sRNAs were retained.

To derive the relative expression of a GOI between two samples the following formula is

used.

RelativeexpressionGOI ¼ 2� DDctGOI

We further defined the ΔΔΔct value as the difference between the ΔΔct values for a GOI in

PH1 and PH1-dcl1/2-infected samples.

DDDct ¼ DDctPH1� dcl1=2 � DDctPH1

This enables the calculation of the re-accumulation between the two samples as follows.

DCL � dependent resurgence factor ¼
RelativeexpressionPH1� dcl1=2

RelativeexpressionPH1

¼ 2� DDDctGOI

The sum of all reads and the corresponding ΔΔΔct-value were plotted with ggplot2 [84] and
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a linear regression was added to the plot. To allow a log2-transformation of the plots genes

with zero targeting reads were set to one targeting read. The plots were arranged using ggpubr

v.0.4.0 [85].

GO enrichment analysis

Gene ontology (GO) enrichment analysis was performed via the AgriGO v.2.0 analysis toolkit

[86] with the standard parameters singular enrichment analysis (SEA).

Phylogenetic analysis of SERK homologs

Homologs of HvBAK1 and HvSERK2 were searched in At, Hv and Bd with biomaRt v.2.40.5

[79] and downloaded from the EMBL’s European Bioinformatics Institute plants genome

page (plants.ensembl.org) in the plants_mart dataset hvulgare_eg_gene (Ensembl Plants

Genes v. 50). For these homologs the CDS of all homologs within the respective datasets atha-

liana_eg_gene, hvulgare_eg_gene and bdistachyon_eg_gene were downloaded. The CDS were

subsequently aligned with the muscle algorithm in MEGA7 [87] and a phylogenetic tree was

constructed via a bootstrap method with 200 iterations.

Supporting information

S1 Fig. Feature mapping of Fg-sRNAs with a read length of 21–24 nt. Reads were trimmed

as described earlier and aligned to the PH1 reference genome

(GCF_000240135.3_ASM24013v3) with bowtie2 [75].

(TIF)

S2 Fig. GO-enrichment analysis of all potential targets of Fg-sRNAs with more than 400

reads. The plot shows all significantly enriched GO-terms in the target gene set for (A) molec-

ular function and (B) biological process. The analysis was done using agriGo v2.0. Each

box contains information regarding one term. GO: indicates the GO accession, in brackets the

p-value is stated (Fisher; Yekutieli (FDR)). After the bracket the GO-term description is writ-

ten followed by the number of genes associated with said term 1. in the gene set and 2. In the

background.

(TIF)

S3 Fig. Alignment of AtETO1 and HvEOL1. Identical amino acids are marked blue and simi-

lar amino acids are marked red. The alignment and visualization was done with the msa pack-

age for R [88].

(TIF)

S4 Fig. Regulation of ET synthesis in At. AtETO1 negatively regulates ethylene (ET) synthe-

sis in At. AtETO1 acts together with AtEOL1 and AtETO1-like 2 (EOL2) in directing the ubi-

quitination and subsequent degradation of type-2 1-aminocyclopropane-1-carboxylate

synthase (ACS) proteins (e.g. ET overproducer 2 (ETO2)), which produce the direct precursor

of ET.

(TIF)

S5 Fig. Sequences of dsRNA-dcl1/2. Coding Sequences (CDS) of the respective FgDCL genes

with the sequences comprising the dsRNAs marked in red. A. FgDCL1-FGSG_09025 (912 nt

long dsRNA-FgDCL1). B. FgDCL2-FGSG_04408 (870 nt long dsRNA-FgDCL2).

(TIF)
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S6 Fig. Position and read count of all tRFs from Fg-tRNA-Gly(GCC). Alignment position of

all Fg-sRNAs from axenic culture with more than 50 reads perfectly matching the Fg-tRNA-

Gly(GCC)-9 gene (Fusarium_graminearum_CS3005-tRNA-Gly-GCC-1-9) colored by read

count.

(TIF)

S7 Fig. Abundance of unique Fg-sRNAs in axenic culture of IFA65. A: Histogram of the

read count of every unique sRNA. The plot is truncated to make abundances recognizable.

Most sRNAs have very low read counts and very few sRNAs have more reads than 3,000. Max-

imum read count per sRNA is 42,866. B: Violin plot of log2-transformed reads counts untrun-

cated.

(TIF)

S8 Fig. Origin of tRFs in Fg-tRNA-Gly(GCC). The centroid secondary structure of the Fg-
tRNA-Gly(GCC) generated on the RNAfold web server (http://rna.tbi.univie.ac.at/cgi-bin/

RNAWebSuite/RNAfold.cgi) with the origin and alignment of Fg-sRNA-321, Fg-sRNA-1921

and Fg-sRNA-6717. The colors of bases indicate the base pair probabilities.

(TIF)

S9 Fig. Molecular Phylogenetic analysis by maximum likelihood method. The evolutionary

history was inferred by using the Maximum Likelihood method based on the General Time

Reversible model [89]. The tree with the highest log likelihood (-25430.37) is shown. Initial

tree(s) for the heuristic search were obtained automatically by applying Neighbor-Join and

BioNJ algorithms to a matrix of pairwise distances estimated using the Maximum Composite

Likelihood (MCL) approach, and then selecting the topology with superior log likelihood

value. The tree is drawn to scale, with branch lengths measured in the number of substitutions

per site. The analysis involved 77 nucleotide sequences. Codon positions included were 1st

+2nd+3rd. There were a total of 2427 positions in the final dataset. Evolutionary analyses were

conducted in MEGA7 [87].

(TIF)

S10 Fig. Unedited gel images from Fig 6.

(PDF)

S1 Table. Primer sequences.

(DOCX)

S2 Table. Target prediction results. Results of the target prediction with the TAPIR algorithm

for all Fg-sRNAs with more than 400 reads.

(XLSX)
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Supplementary Material

1 Supplementary Tables

Table S1: Accession numbers of AtAGO and AtDCL gene IDs, as acquired from TAIR.

Assigned name of
protein

Gene ID
(TAIR)

AtAGO1 AT1G48410.2
AtAGO2 AT1G31280.1
AtAGO3 AT1G31290.1
AtAGO4 AT2G27040.1
AtAGO5 AT2G27880.1
AtAGO6 AT2G32940.1
AtAGO7 AT1G69440.1
AtAGO8 AT5G21030.1
AtAGO9 AT5G21150.1
AtAGO10 AT5G43810.1
AtDCL1 AT1G01040.1
AtDCL2 AT3G03300.1
AtDCL3 AT3G43920.2
AtDCL4 AT5G20320.1
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Supplementary Material

Table S2: Domain structure of Bd AGO-like proteins, as identified by domain search by
SMART, with PFAM overlaps of higher confidence shown in some cases. Domains are

indicated with a start-end residue interval, followed by E-values. Domains shown: N domain,
Linker 1 (DUF1785), PAZ, Linker 2 (L2), MID and PIWI.

Protein N domain DUF1785 PAZ L2 MID PIWI

BdAGO1
46-97 (1.34e-

17)
101-225 (1.1e-

23)
234-281 (4.4e-13)

325-623 (2.02e-
56)

BdAGO2
56-218

(3.3e-34)
228-280

(2.37e-18)
284-412 ( 3e-

26)
421-467 (4.8e-14)

565-874 (8.55e-
110)

BdAGO3
68-228

( 8.8e-34)
238-290

(7.82e-19)
294-424 (1.3e-

27)
433-479 (6e-16)

576-883 ( 5.43e-
112)

BdAGO4
38-196

(2.3e-31)
206-258

(2.27e-15)
262-389 (2.4e-

25)
398-444 (2.1e-16)

541-850 (1.21e-
109)

BdAGO5
42-170

(8.4e-35)
179-230
(8.4e-35)

237-368
(0.000638)

369-415 (1.6e-17)
425-496 (3.9e-

11)
507-827 (5.21e-

123)

BdAGO6
1-132 (5.9e-

32)
141-193

( 1.6e-24)
198-330

(0.00339)
334-380 (1e-13)

390-469 (1.1e-
11)

481-803 (5.01e-
125)

BdAGO7
169-304
(7.1e-31)

318-370
(9.7e-24)

375-504
(0.00000249)

508-554 (1.2e-14) 564-621 (6.6e-9)
658-964 (5.77e-

116)

BdAGO8
191-335
(3.5e-24)

344-396
(4.07e-17)

404-544
(0.000953)

539-586 ( 1.1e-7)
601-673
( 0.0077)

692-1000 (5.03e-
107)

BdAGO9
110-245
(2.1e-34)

254-306
(1.1e-22)

311-443
(0.00232)

447-493 (9e-18) 503-583 ( 6e-15)
595-916 (7.09e-

125)

BdAGO10
195-323
(2.6e-33)

332-383
(3.38e-23)

394-522
(0.00188)

523-569 (3.4e-17)
579-658 (4.1e-

12)
664-983 (2.75e-

122)

BdAGO11
186-321
(9.7e-35)

330-382
(1.18e-22)

387-522
(0.0000324)

523-569 (3.2e-15) 579-656 (5.4e-9)
673-986 (1.48e-

113)

BdAGO12
233-372
(5.4e-37)

381-433
(2.11e-24)

438-570
(0.00184)

574-620 (1.1e-18) 630-710 (2e-11)
724-1045 (1.22e-

128)

BdAGO13
218-278

(0.000311)
286-423 (2.7e-

18)
434-481 (2.8e-13)

599-899 ( 3.56e-
98)

BdAGO14
251-373
(7.5e-14)

374-419
(0.000167)

423-550(3.8e-
23)

560-607 (1.6e-10)
699-996 (1.6e-

10)

BdAGO15
213-352
(2.7e-36)

361-413
(1.28e-23)

418-550
( 0.00155)

554-600 ( 1.1e-17)
610-689 ( 1.3e-

10)
704-1026 (1.36e-

126)

BdAGO16
183-317
(3.7e-37)

326-378
( 9.7e-24)

383-518
(0.000464)

519-565 ( 8.5e-18)
575-652 ( 4.5e-

10)
669-990 ( 7.9e-

123)
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Table S3: Domain structure of BdDCLs, as identified by domain search by SMART, with
PFAM overlaps of higher confidence shown in some cases. Domains are indicated with a start-
end residue interval, followed by E-values. Domains shown: DEXDc, HELICc, Dicer_dimer,

PAZ, RIBOc, DSRM.

Protein DEXDc HELICc Dicer_dimer PAZ RIBOc RIBOc DSRM DSRM

BdDCL1 266-469
(9.68e-20)

703-789
(5.28e-12)

862-952
(6.6e-24)

1203-1366
(1.43e-29)

1381-
1564

(6.27e-
34)

1600-
1756

(5.62e-
45)

1760-1821
(1.53e-6)

1845-
1918

(2.15e-
10)

BdDCL2a 23-223
(3.78e-22)

406-493
(1.35e-18)

561-642
(1.6e-18)

810-952
(2.08e-8)

972-1127
(1.12e-

21)

1159-
1314

(5.06e-
29)

1318-1382
(0.0221)

BdDCL2b 1-201
(3.93e-20)

379-466
(1.54e-13)

766-908
(0.0000604

)

928-1086
(2.76e-

21)

1116-
1271

(9.08e-
31)

1275-1339
(0.000000573)

BdDCL3a 22-219
(4.62e-17)

410-500
(3.76e-17)

567-653
(1.3e-26)

849-1014
(0.000611)

1031-
1204

(2.65e-
23)

1240-
1396

(2.51e-
33)

1400-1463
(0.0000011)

1530-
1612

(0.423)

BdDCL3b 434-577
(6.8e-15)

596-772
(6.73e-

25)

805-961
(2.22e-

34)

965-1028
(0.201)

1090-
1172

(0.806)

BdDCL4 17-211
(2e-21)

404-486
(2.64e-12)

550-636
(8.5e-24)

813-967
(5.81e-7)

988-1156
(9.04e-

17)

1192-
1344

(2.63e-
27)

1348-1413
(0.912)

1539-
1613

(9.59e-8)
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Table S4:  Validation of predicted 3D structures of BdAGO-like proteins. Prediction with CPH
and Swiss Model, validation by QMEAN, PROCHECK, WHATCHECK and dFIRE. Last

column indicates the template used for the model and coverage.

Protein
3D Modelling

software
QMEAN (Z-

score)

Residues in
favored region
(PROCHECK)

Ramachandran
z-score

(WHATCHECK
)

dDFIRE total
energy Model used (coverage)

BdAGO1
CPH -6.14 79.3% -5.375 -1173.77  

Swiss Model -3.14 86.70% -1.536 -1294.89
Protein argonaute-1 –

4kxt.1.A (0.94)

BdAGO2
CPH -5.48 81.1% -4.973 -1678.64  

Swiss Model -3.28 87.00% -1.786 -1869.75
Protein argonaute-2 – 4f3t.1.A

(0.87)

BdAGO3
CPH -5.67 79.5% -5.237 -1679.2  

Swiss Model -3.32 86.50% -2.586 -1706.52
Protein argonaute-2 –

4w5n.1.A (0.82)

BdAGO4
CPH -7.65 79.4% -5.321 -1552.69  

Swiss Model -3.64 85.30% -2.321 -1847.83
Protein argonaute-2 –

4w5n.1.A (0.91)

BdAGO5
CPH -4.74 81.6% -4.936 -1783.77  

Swiss Model -2.85 88.40% -1.206 -1920.25
Protein argonaute-2 –

4z4f.1.A (0.94)

BdAGO6
CPH -4.33 82.30% -4.94 -1769.1  

Swiss Model -2.67 87.50% -2.23 -1889.91
Protein argonaute-2 –

4w5n.1.A (0.96)

BdAGO7
CPH -4.99 80.8% -4.814 -1753.88  

Swiss Model -3.35 86.20% -2.068 -1867.99
Protein argonaute-2 –

4w5n.1.A (0.82)

BdAGO8
CPH -4.94 82.7% -5.319 -1777.54  

Swiss Model -3.38 86.10% -2.074 -1930.16
Protein argonaute-2 –

4w5n.1.A (0.79)

BdAGO9
CPH -3.61 84.6% -4.933 -1803.08  

Swiss Model -2.77 87.00% -1.643 -1928.83
Protein argonaute-2 –

4w5n.1.A (0.87)

BdAGO10
CPH -3.98 83.7% -4.673 -1766.73  

Swiss Model -2.68 88.20% -1.34 -1903.52
Protein argonaute-2 - 4z4f.1.A

(0.80)

BdAGO11
CPH -3.77 84.1% -4.942 -1778.22  

Swiss Model -2.46 88.20% -1.749 -1796.97
Protein argonaute-2 –

4w5n.1.A (0.80)

BdAGO12
CPH -4.16 83.6% -5.042 -1806.27  

Swiss Model -2.98 86.20% -1.992 -1944.46
Protein argonaute-1 –

4kxt.1.A (0.76)

BdAGO13
CPH -8.48 76.2% -5.955 -1502.92  

Swiss Model -3.26 86.60% -2.38 -1726.87
Protein argonaute-2 –

4w5n.1.A (0.83)

BdAGO14

CPH -5.36 79.8% -5.108 -1567.95  

Swiss Model -2.63 89.30% -1.744 -1758.43

Protein argonaute-2- 5t7b.1.B

(0.75)

BdAGO15
CPH -4.42 83.4% -5.035 -1777.14  

Swiss Model -3.2 87.40% -1.706 -1946.8
Protein argonaute-2 –

4w5n.1.A (0.78)

BdAGO16

CPH -3.58 83.4% -5.044 -1806.1  

Swiss Model -2.2 89.00% -1.575 -1940.92

Protein argonaute-2- 4z4f.1.A

(0.80)

162



5

Table S5:  Validation of predicted 3D structures of AtAGO proteins. Prediction with CPH and
Swiss Model. validation by QMEAN, PROCHECK, WHATCHECK and dFIRE. Last column

indicates the template used for the model and coverage.

Protein

3D
Modelling
software

QMEAN
(Z-score)

Residues in favored
region (PROCHECK)

Ramachandran z-
score

(WHATCHECK)

dDFIRE
total

energy
Template used

(coverage)

AtAGO1 CPH -4.21 83.6% -4.76 -1789.47  

 
Swiss
Model -2.15 89.2% -1.28 -1987.42

Protein argonaute-1-
4kre.1.A (0.79)

AtAGO2 CPH -5.47 80.80% -5.282 -1698.99  

 
Swiss
Model -3.76 86.3% -1.825 -1851.7

Protein argonaute-2-
4w5n.1.A  (0.81)

AtAGO3 CPH -4.96 82.0% -5.318 -1714.79  

 
Swiss
Model -3.23 87.8% -1.902 -1901.54

Protein argonaute-2 -
4f3t.1.A (0.70)

AtAGO4 CPH -4.76 80.7% -4.976 -1695.86  

 
Swiss
Model -3.08 86.3% -1.997 -1896.01

Protein argonaute-2-
4w5n.1.A (0.87)

AtAGO5 CPH -3.78 83.8% -4.96 -1767.24  

 
Swiss
Model -2.75 88.5% -1.457 -1903.68

Protein argonaute-2-
4w5n.1.A (0.83)

AtAGO6 CPH -4.72 82.4% -4.847 -1782.18  

 
Swiss
Model -2.81 87.8% -1.613 -1878.9

Protein argonaute-2-
5js2.1.A (0.91)

AtAGO7 CPH -5.23 78.9% -5.275 -1690.98  

 
Swiss
Model -2.81 88.2% -1.472 -1923.34

Protein argonaute-2-
4z4h.1.A (0.82)

AtAGO8 CPH -6.4 77.4% -5.105 -1569.03  

 
Swiss
Model -3.26 90.0% -1.922 -1646.43

Protein argonaute-1-
4kre.1.A (0.86)

AtAGO9 CPH -4.28 80.5% -5.024 -1685.77  

 
Swiss
Model -3.26 84.6% -2.29 -1875.11

Protein argonaute-2-
4w5n.1.A  (0.90)

AtAGO1
0 CPH -5.59 84.0% -5.135 -1726.53  

 
Swiss
Model -2.56 91.2% -1.397 -1954.61

Protein argonaute-2-
5t7b.1.B (0.84)
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Supplementary Material

Table S6:  Interacting proteins of BdAGOs predicted with STRING (coexpression and
experimental validation only connections shown)

BdAGO Protein Interacts with: Interacting protein
description

Coexpression
Score

Experimental
Validation

Score

Combined
Score

Reference

BdAGO9 BRADI1G07247.1 Hypothetical protein 0 0.486 0.485 Ding et al.,
2015

BdAGO9 BRADI1G10047.1 Hypothetical protein 0 0.486 0.485 Ding et al.,
2015

BdAGO9 BRADI1G12677.1 homeobox protein
knotted-1-like 4

0 0.486 0.485 Ding et al.,
2015

BdAGO9 BRADI1G12690.1 homeobox protein
knotted-1-like 4

isoform X1

0 0.486 0.485 Ding et al.,
2015

BdAGO1; BdAGO2;
BdAGO3

BRADI1G36340.1 110 kDa U5 small
nuclear

ribonucleoprotein
component CLO

0.043 0.453 0.454 Kallgren et
al., 2014

BdAGO4; BdAGO5;
BdAGO6; BdAGO7;
BdAGO8; BdAGO9;

BdAGO10; BdAGO11;
BdAGO12; BdAGO13;
BdAGO14; BdAGO15;

BdAGO16

0 0.453

BdAGO9 BRADI1G57607.1 homeobox protein
knotted-1-like 12 

0 0.486 0.485 Ding et al.,
2015

BdAGO9 BRADI2G14890.1 GATA transcription
factor 15

0.047 0.481 0.484 Ding et al.,
2015

BdAGO1; BdAGO2;
BdAGO3

BRADI2G30160.1 GTP binding/
Transcription factor

0.043 0.453 0.454 Kallgren et
al., 2014

BdAGO4; BdAGO5;
BdAGO6; BdAGO7;
BdAGO8; BdAGO9;

BdAGO10; BdAGO11;
BdAGO12; BdAGO13;
BdAGO14; BdAGO15;

BdAGO16

0 0.453

BdAGO9 BRADI2G45750.1 GATA transcription
factor 19

0.047 0.481 0.484 Ding et al.,
2015

BdAGO1; BdAGO2;
BdAGO3; BdAGO4;
BdAGO5; BdAGO6;
BdAGO7; BdAGO8;
BdAGO9; BdAGO10;

BdAGO11; BdAGO12;
BdAGO13; BdAGO14;
BdAGO15; BdAGO16

BRADI4G45065.1 DNA-directed RNA
polymerase V

subunit 1 

0.045 0.626 0.627 Zhong et al.,
2015 
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Table S7: Prediction of location of BdAGO-like proteins. as done by PSI (Plant Subcellular-
localization Integrative predictor). Displayed are the scores (0-1) representing the confidence

the protein is present in a cellular part. All scores have p-values < 0.01. 

Protein name Predicted
location

Score

BdAGO1 cytosol 0.59008

BdAGO2 cytosol 0.58123

BdAGO3 nucleus 0.56674

BdAGO4 cytosol 0.53687

BdAGO5 cytosol 0.56023

BdAGO6 cytosol 0.56837

BdAGO7 plastid 0.47348

BdAGO8 cytosol 0.65765

BdAGO9 cytosol 0.647

BdAGO10 cytosol 0.48456

BdAGO11 cytosol 0.60782

BdAGO12 cytosol 0.56826

BdAGO13 cytosol 0.6786

BdAGO14 nucleus 0.51582

BdAGO15 cytosol 0.6013

BdAGO16 cytosol 0.36562
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Supplementary Material

Figure S1: 3D structure prediction of BdAGO8, as modeled by SWISS-MODEL. AtAGO7 3D
structure prediction is displayed as the closest homolog in Arabidopsis. PAZ (yellow), Mid

(red) and PIWI (blue) domains as predicted by SMART and PFAM displayed. The catalytic
tetrad within the PIWI domain (DEDH) marked by magenta spheres. Visualization by

PyMOL.
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Figure S2:  Interacting proteins of BdAGO9 predicted with STRING (coexpression and
experimental validation only connections valid). Pink connection: based on experimental data.

Black connection: based on coexpression.
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Additional File 2: Supporting Information 

Title: A novel plant-fungal association reveals fundamental sRNA and gene expression 

reprogramming at the onset of symbiosis

Authors: Ena Šečić, Silvia Zanini, Daniel Wibberg, Lukas Jelonek, Tobias Busche, Jörn 
Kalinowski, Sabrine Nasfi, Jennifer Thielmann, Jafargholi Imani,  Jens Steinbrenner  and Karl-
Heinz Kogel 

Figure S1: Serendipita indica (Si) colonization alters Brachypodium distachyon Bd21-3 root 
structure. One-week-old Bd21-3 seedlings were mock treated (Bd-C) or dip-inoculated with 5 x 
105 chlamydospores per ml (Bd-Si) and subsequently grown for four days (a) or 25 days (b) on a 
vermiculite:oil dri mix. 
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Figure S2: Progress of Serendipita indica (Si) spore proliferation during colonization of 
Brachypodium distachyon Bd21-3.  Displayed at 4DPI (days post inoculation), when new 
spores were first observed, and at 7DPI and 14 DPI, with an increasing number of 
chlamydospores. Fluorescence microscopy showing WGA-AF488 staining of Si cell walls 
(λexc494 nm, λem515). Imaging was done with a LEICA S8 confocal microscope. 

Figure S3: Shared and unique genes of Serendipita indica between the originally sequenced 
and resequenced genome. Venn diagram (as displayed by EDGAR 2.3) showing the number of 
genes that are shared between (core) or are unique to (single color) the resequenced  Serendipita 
indica (Si) genome and the Zuccaro et al., 2011 (22) assembly. 
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Figure S4: Shared and unique genes of the Serendipita indica with Serendipita vermifera 
and Laccaria bicolor. Venn diagram (as displayed by EDGAR 2.3) showing the number of 
genes that are shared between (core) or are unique to (single color) the resequenced Serendipita 
indica (Si) genome and those of Serendipita vermifera and Laccaria bicolor.  
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Figure S5: Quantitative real-time PCR (qRT-PCR) of selected DEG transcripts during Si 
colonization of Bd21-3. Expression was measured in mock-treated and Si-inoculated Bd roots 
(a) and axenic Si control and Si-inoculated Bd roots (b). One-week-old seedlings were inoculated
with 5 x 105 chlamydospores per ml and subsequently grown for four days on a vermiculite:oil 
dri mixture (semi-sterile conditions). Sample size (n) = 3 biological samples, each containing 3-4
pooled roots. Two independent biological replicates (inoculations) were performed for each 
gene, standard error (SE) bars indicated. Individual data values of fold change are available in 
Additional File 1. The significance threshold after t-test or Mann-Whitney-Wilcoxon test was set
at .05 (*=<.05;**=<.001). Bd transcripts tested (in Table 2): glycosyl-hydrolase (BdiBd21-
3.3G0639500.1), HSP 90-1 (BdiBd21-3.5G0024800.1), PRR7 (BdiBd21-3.1G0887100.1), RCI2 
(BdiBd21-3.1G0416000.1), WAK (BdiBd21-3.2G0600500.1). Primers used in Table S9.
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Figure S6: Filtering pipelines utilized in sRNA analysis. These pipelines were used to identify
putative cross-kingdom (ck-sRNAs) and putative endogenous sRNAs in Serendipita indica (Si) 
and Brachypodium distachyon Bd21-3. 
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Figure S7: Size distribution of total and unique putative ck-sRNAs in the interaction and 
reads from controls. a) Bd-C (mock-treated), b) Bd-Si (colonized root), c) Si-ax (axenic Si 
culture), and d) Bd-Si. All datasets represent three biological replicates and corresponding two 
technical replicates, merged together. sRNA length is displayed on the X-axis (nt) and number of 
total/unique sRNA counts on the Y-axis (x 103). 
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Figure S8: 5’ terminal nucleotide distribution of unique putative endogenous sRNAs. 
Percentage distribution of the 5’ terminal nucleotide in unique putative endogenous sRNAs (18 –
30 nt) from Bd-C (mock-treated), Bd-Si (colonized root) and Si-ax (axenic culture). 
Brachypodium distachyon Bd21-3- and Serendipita indica-associated endogenous sRNAs were 
identified from the colonized root sample by aligning filtered sRNAs with the plant or fungal 
genome; they are presented as Bd-Si Bd endg or Bd-Si Si endg, respectively. 
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Figure S9: 5’ terminal nucleotide distribution of unique putative ck-sRNAs. Percentage 
distribution of the 5’ terminal nucleotide in unique reads (20-24 nt long) from Bd-C (mock-
treated) and Si-ax (axenic culture) samples, putative ck-sRNAs from Bd-Si (colonized root) 
sample. Brachypodium distachyon Bd21-3- and Serendipita indica-associated ck-sRNAs were 
identified from the colonized root sample by aligning filtered sRNAs with the plant or fungal 
genome; they are presented as Bd-Si Bd ck or Bd-Si Si ck, respectively.
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Figure S10: 5’ terminal nucleotide distribution of total putative endogenous sRNAs. 
Percentage distribution of the 5’ terminal nucleotide in total putative endogenous sRNAs (18 – 
30 nt long) from Bd-C (mock-treated), Bd-Si (colonized root) and Si-ax (axenic culture). 
Brachypodium distachyon Bd21-3- and Serendipita indica-associated endogenous sRNAs were 
identified from the colonized root sample by aligning filtered sRNAs with the plant or fungal 
genome; they are presented as Bd-Si Bd endg or Bd-Si Si endg, respectively.
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Figure S11: 5’ terminal nucleotide distribution of total putative ck-sRNAs. Percentage 
distribution of the 5’ terminal nucleotide in total reads (20-24 nt long) from Bd-C (mock-treated)
and Si-ax (axenic culture) samples, putative ck-sRNAs from Bd-Si (colonized root) sample. 
Brachypodium distachyon Bd21-3- and Serendipita indica-associated ck-sRNAs were identified 
from the colonized root sample by aligning filtered sRNAs with the plant or fungal genome; they
are presented as Bd-Si Bd ck or Bd-Si Si ck, respectively.  

Figure S12: Stem-loop PCR to show expression of selected sRNAs during the interaction. 
Gel electrophoresis after stem-loop PCR of Si (a) and Bd21-3 (b) sRNAs identified in the Bd-Si 
sample during sequencing. Length of amplicon (sRNA+hairpin) is 65bp. Small RNAs marked 
with (*) were further confirmed by sequencing (Table S8), and the primers used are displayed in 
Table S10. Original gel pictures are available as Additional File 3 and Additional File 4. 
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Table S1: Quantification of identified features in the resequenced genome of Serendipita indica 
(Si).

Genome feature Value
Gene density 380.68 genes/Mbp

Contigs 57
Total Genome Size 24.8Mbp (24724951 bp)

Gene/mRNA number 9441
Exon number 59045
Intron number 49604

Intergenic region 9498
Mean (median) gene length 1955.36bp (1554.00bp)
Mean (median) exon length 259.97bp (149.00bp)
Mean (median) intron length 62.71bp (48.00bp)

Mean (median) intergenic region 659.54bp (363.00bp)
Exons/Gene 6.25

Cumulative length of genes (% of genome) 18.5M bp (18460589 bp) (0.75)
Cumulative length of exons (% of genome) 15.4M bp (15350115 bp) (0.62)
Cumulative length of introns (% of genome) 3.2M bp (3110474 bp) (0.13)
Cumulative length of intergenic regions (%

of genome) 6.3M bp (6264362 bp) (0.25)
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Table S2: Total reads from the Bd-C (mock-treated), Bd-Si (colonized root) and Si-ax (axenic 
culture) samples.

Sample description
Total reads

(PE) Overall alignement rate to genome 
Si axenic culture (Si-ax) 53 million 96.54 % reads align to Si genome

Bd21-3 mock treated
control (Bd-C) 53.2 million 98 % reads align to Bd21-3 genome

Bd21-3 + Si 4 DPI (Bd-Si) 55 million 
96.55 % reads align to Bd21-3 genome

2.13 % reads align to Si genome 
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Table S3: Significant GO terms of molecular function in the differentially expressed gene 
(DEG) datasets.* 

Term ID P-value (FDR) Term
Si DEGs

GO:0016491 0.00007 oxidoreductase activity
GO:0004553 0.00007 hydrolase activity hydrolyzing O-glycosyl compounds 
GO:0016798 0.00007 hydrolase activity acting on glycosyl bonds 
GO:0030246 0.00007 carbohydrate binding
GO:0030247 0.00007 polysaccharide binding
GO:0001871 0.00007 pattern binding
GO:0030248 0.00007 cellulose binding
GO:0016876 0.00007 ligase activity forming aminoacyl-tRNA and related compounds 
GO:0004812 0.00007 aminoacyl-tRNA ligase activity
GO:0016875 0.00007 ligase activity forming carbon-oxygen bonds 
GO:0003824 0.00017 catalytic activity
GO:0016874 0.00028 ligase activity
GO:0003995 0.0055 acyl-CoA dehydrogenase activity
GO:0048037 0.01 cofactor binding
GO:0016627 0.01 oxidoreductase activity acting on the CH-CH group of donors 
GO:0016684 0.012 oxidoreductase activity acting on peroxide as acceptor 
GO:0004601 0.012 peroxidase activity
GO:0016829 0.019 lyase activity
GO:0016620 0.028 oxidoreductase activity acting on the aldehyde or oxo group of donors NAD or NADP as acceptor 
GO:0070003 0.028 threonine-type peptidase activity
GO:0004298 0.028 threonine-type endopeptidase activity
GO:0002161 0.033 aminoacyl-tRNA editing activity
GO:0016903 0.04 oxidoreductase activity acting on the aldehyde or oxo group of donors NAD or NADP as acceptor 
GO:0000287 0.044 magnesium ion binding
GO:0050662 0.045 coenzyme binding
GO:0016840 0.045 carbon-nitrogen lyase activity
GO:0004725 0.047 protein tyrosine phosphatase activity

Bd21-3 DEGs
GO:0046906 0.00000039 tetrapyrrole binding
GO:0020037 0.00000039 heme binding
GO:0003824 0.00000072 catalytic activity
GO:0016829 0.000016 lyase activity
GO:0005506 0.000018 iron ion binding
GO:0016491 0.000018 oxidoreductase activity
GO:0016705 0.000035 oxidoreductase activity acting on paired donors with incorporation or reduction of molecular oxygen
GO:0048037 0.0036 cofactor binding
GO:0016830 0.0039 carbon-carbon lyase activity
GO:0016831 0.0066 carboxy-lyase activity
GO:0043168 0.014 anion binding
GO:0016684 0.014 oxidoreductase activity acting on peroxide as acceptor 
GO:0004601 0.014 peroxidase activity
GO:0030170 0.016 pyridoxal phosphate binding
GO:0016209 0.017 antioxidant activity
GO:0016887 0.017 ATPase activity
GO:0016758 0.027 transferase activity transferring hexosyl groups
GO:0043167 0.031 ion binding
GO:0016757 0.034 transferase activity transferring glycosyl groups 

* Analysis was done on Serendipita indica and Brachypodium distachyon Bd21-3 with AgriGO 

v2.0. Hochberg (FDR) adjustment for multiple testing was used and is reported in the table.

180



Table S4: A representative set of potential protein effectors identified in the resequenced 
Serendipita indica (Si) genome.* 

Putative effector gene log2FC Description DE putative effector 

5323_g(PIIN_05891) 13.26 Hypothetical protein  

2999_g(PIIN_05674) 10.99 Hypothetical protein  

7143_g(PIIN_07595) 10.53 Hypothetical protein, DELD Hv colonization

4184_g(PIIN_06901) 9.16 Hypothetical protein  

3615_g(PIIN_11270) 7.36 Related to esterase D  

5279_g(PIIN_10706) 7.36 Hypothetical protein, DELD Hv and At colonization

3514_g(PIIN_09664) 7.01 Related to glucose oxidase  

2829_g(PIIN_07952) 6.66 Hypothetical protein  

2677_g(PIIN_08766) 6.5 Related to hydrophobin  

6427_g(PIIN_07750) 6.42 Related to triacylglycerol lipase precursor  

7044_g(PIIN_07884) 6.38 Hypothetical protein  

4610_g(PIIN_01386) 6.36 Hypothetical protein  

4303_g(PIIN_03861) 6.21 Hypothetical protein  

7637_g(PIIN_08723) 6.2 Hypothetical protein, lectin-like LysM Hv colonization

3661_g(PIIN_09859) 6.18 Hypothetical protein, DELD Hv and At colonization

6698_g(PIIN_06410) 6.18 Hypothetical protein  

6458_g(PIIN_05098) 5.71 Hypothetical protein, DELD Hv and At colonization

7883_g(PIIN_05242) 5.6 Related to peptidyl-Lys metalloendopeptidase  

9216_g(PIIN_03736) 5.5 Probable acetylxylan esterase  

6575_g(PIIN_01273) 4.9 Hypothetical protein  

7037_g(PIIN_08942) 4.78 Related to metalloprotease  

4183_g(PIIN_06900) 4.75 Hypothetical protein  

6634_g(PIIN_03075) 4.58 Hypothetical protein  

767_g(PIIN_08824) 4.23 Related to WD40-repeat protein (notchless protein)  

7142_g(N/A) 3.91 Hypothetical protein, DELD  

5200_g(PIIN_07639) 3.9 Hypothetical protein  

5275_t(PIIN_06837) 4.02 Hypothetical protein, DELD Hv and At colonization

3238_g(PIIN_09643) 1.9 PiDld2 Hv and At colonization

6196_g(PIIN_04163) 1.44 Related to HSP82-Heat shock protein  

8967_g(PIIN_03461) 6.09 Hypothetical protein  

2675_g(PIIN_08764) 2.66 Probable ADE12-adenylosuccinate synthetase  

8386_g(PIIN_00425) 0.91 Probable extracellular elastinolytic metalloproteinase precursor  

*Those with the highest level of upregulation during Bd21-3 colonization are displayed. Prior 
detection of differentially expressed (DE) putative effector proteins in Si-colonized barley 
(Hordeum vulgare - Hv) or Arabidopsis (At) is indicated (22, 27).
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Table S5: Candidate RNAi machinery proteins predicted from the resequenced Serendipita 
indica (Si) genome.* 

Gene Protein
Description / Domains

N. crassa
homolog

Score (E-value) /
Identity (BlastP)

baseMean
Deseq2 

1587_g
(PIIN_03414) G4U2H0 Dicer-like protein, Helicase, dicer ds-

RNA binding, RNAse III  
NCU08270

330 (3E-52) / 30.71 % 54.36
7403_g

(PIIN_02669) G4TBW9 273 (9E-75) / 24.15 % 51.81
5425_g

(PIIN_06945) G4TNU7 Related to qde-1 RNA-dependent
RNA polymerase (RdRP)

NCU07534
111(9E-25)/25.97 % 102.65

2067_g
(PIIN_07582) G4TQP0 92.4 (5E-19) / 30.32 % 49.21

3379_g
(PIIN_03690) G4TEK0

QDE2 – like protein, PIWI domain
NCU04730

354 (2E-106) / 36.26 % 16.05
3261_g

(PIIN_05928) G4TL04 224 (1E-61) / 31.05 % 2.11
5826_g

(PIIN_00261) G4T5G9
Related to argonaute-like protein-

Laccaria bicolor 233 (5E-64) / 28.59 % 124.7
1551_g

(PIIN_06323) G4TM47
Related to QDE3 protein, helicase

domains NCU08598 339 (3E-101) / 44.5 % 47.47
5685_g

(PIIN_06751) G4TND7
Probable DNA-directed RNA

polymerase I NCU01638 1208 (0.0) / 41.22 % 60.38

* Homology with quelling-typical Neurospora crassa proteins is indicated. The baseMean 
(Deseq2; 107) is presented as an average of normalized count values across all samples.
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Table S6: Total and unique reads for filtered sRNAs from Bd-C, Bd-Si and Si-ax.* 

sRNA dataset Description
Number of

sRNA

Si-ax

Total reads after adapter trimming 48 mil 

Total sRNAs, 100 % alignment to Si genome 33.9 mil

Unique sRNAs, 100 % alignment to Si genome 1.9 mil

Total endogenous sRNAs 11 mil

Unique endogenous sRNAs 1.8 mil

Bd-Si Total reads after adapter trimming 32.7 mil

Si → Bd21-3
Total putative ck sRNAs 786732

Unique putative ck sRNAs 35895

Bd21-3 → Si 
Total putative ck sRNAs 17 mil

Unique putative ck sRNAs 286198

Si aligned sRNAs 
Total endogenous sRNAs 261478

Unique endogenous sRNAs 36163

Bd21-3 aligned sRNAs
Total endogenous sRNAs 1.6 mil

Unique endogenous sRNAs 483352

Bd-C

Total reads after adapter trimming 55 mil

Total sRNAs, 100 % alignment to Bd21-3 genome 34.6 mil

Unique sRNAs, 100 % alignment to Bd21-3 genome 1 mil

Total endogenous sRNAs 3 mil

Unique endogenous sRNAs 906901
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Table S7: Sequences of putative Serendipita indica and Brachypodium distachyon Bd21-3 ck-
sRNA displayed in Table 4 and Table 5.

sRNA name sRNA sequence

SisRNA 1 AACUUCUCGAAUCGCAUGGCC

SisRNA 2 AAUGCUGGGUGGAACGGCCCC
SisRNA 3 AGCACCGCAUCCCGUCCGAUC
SisRNA 4 AUGAAAGUGAAAGGUCGGGAA
SisRNA 5 AUGGUUAGGAUUUGUCGCUCU
SisRNA 6 CAAACCCGGACGCGUAAUGAA
SisRNA 7 CCAUAGGACUCUGAAAGCACC
SisRNA 8 CGAGUAGGCAGGCGUGGGGGU
SisRNA 9 CUCGAAUCGCAUGGCCUUGUG
SisRNA 10 CUUAUUUUUGACGCCGUCGCC
SisRNA 11 GACGCAUCCGCGGUAGAGCGU
SisRNA 12 GAGGGAAAAAGGCUUGGGGAA
SisRNA 13 GCACCGCAUCCCGUCCGAUCU
SisRNA 14 GCCAUAGGACUCUGAAAGCAC

SisRNA 15 GGGUCCGGUGCGUCCUCGACA

SisRNA 16 GGUUCGAUUCCCCGAUUCGGA
SisRNA 17 GUAAGCGUUGGAUUGUUCACC
SisRNA 18 UCCGGCAACGGAACCCCGUUG
SisRNA 19 UUGGGGAUCCGGCAACGGAAC
SisRNA 20 UUGUCGUGCUGGGGAUAGAGC
BdsRNA_1 ACGGUGGUCAUGGAAGUCGAA
BdsRNA_2 ACUGUUGUCGGCCGUGCUGGC
BdsRNA_3 AGCCCCGUCCGGCCCGGACCC
BdsRNA_4 AGUUAAGCGUGCUUGGGCGAG
BdsRNA_5 CCGGGCGGAGCGGCCGUCGGU
BdsRNA_6 CCUGGACGGGGUCUAUGGCCG
BdsRNA_7 CGGGGGACGGACCGGGAGUCG

BdsRNA_8 CGUGCUUGGGCGAGAGUAGUA

BdsRNA_9 CUGACAUGCGUGCGAGUCGAC

BdsRNA_10 CUGCACUGCCUCUUCCCUGGC

BdsRNA_11 CUUAUUCCGUGGGUCGGAAGC
BdsRNA_12 CUUUGAACGCAAGUUGCGCCC
BdsRNA_13 GAGUCGACGGGUUCUGAAACC
BdsRNA_14 GCCACCCGGUCGAGGGCACGC
BdsRNA_15 GCGAGUCGACGGGUUCUGAAA
BdsRNA_16 GCUCGUAGUUGGACUUUGGGC
BdsRNA_17 GGCCGUGCCGUCCGAAUUGUA
BdsRNA_18 GGCGAGCGAACCGGGAGCAGC

BdsRNA_19 GGCUUUUGCUGGUCCGCCGCU

BdsRNA_20 UCGAGUCUUUGAACGCAAGUU

* Putative endogenous and ck-sRNAs were identified via the filtering pipelines shown in Figure 
S6. 

184



Table S8: Sequencing results from stem-loop PCR amplification of the selected Si and Bd 
sRNAs.*  

sRNA name sRNA sequence Stem_Loop Hairpin Sequencing results

AACUUCUCGAAUCGCAUGGCC

UACCCAUACCUCGCCGUCGGC

CGAGUAGGCAGGCGUGGGGGU

GGGUCCGGUGCGUCCUCGACA

ACGGUGGUCAUGGAAGUCGAA

CGGGGGACGGACCGGGAGUCG

CUGCACUGCCUCUUCCCUGGC

SisRNA1
GTCGTATCCAGTGCAGG
GTCCGAGGTATTCGCAC

TGGATACGACggccat

5´-
TCGCTAACTTCTCGAATCGCATG
GCCGTCGTATCCAGTGCGAAT
ACCTCGGACCCTGCACTGGAT

ACAATCACTAGTGAAT-3´

SisRNA30
GTCGTATCCAGTGCAGG
GTCCGAGGTATTCGCAC

TGGATACGACgccgac

5´-
TCGCTTACCCATACCTCGCCGTC
GGCGTCGTATCCAGTGCGAAT
ACCTCGGACCCTGCACTGGAT

ACAATCACTAGTGA-3´

SisRNA8
GTCGTATCCAGTGCAGG
GTCCGAGGTATTCGCAC

TGGATACGACaccccc

5´-
TCGCTCGAGTAGGCAGGCGTGG
GGGTGTCGTATCCAGTGCGAA
TACCTCGGACCCTGCACTGGA

TACAATCACTAGTGA-3´

SisRNA15
GTCGTATCCAGTGCAGG
GTCCGAGGTATTCGCAC

TGGATACGACtgtcga

5´-
TCGCTGGGTCCGGTGCGTCCTCG
ACAGTCGTATCCAGTGCGAAT
ACCTCGGACCCTGCACTGGAT

ACAATCACTAGTGAAT-3´

BdsRNA1
GTCGTATCCAGTGCAGG
GTCCGAGGTATTCGCAC

TGGATACGACttcgac

5´-
TCGCTACGGTGGTCATGGAAGTC
GAAGTCGTATCCAGTGCGAAT
ACCTCGGACCCTGCACTGGAT

ACAATCGAATTCCCGC-3´

BdsRNA7
GTCGTATCCAGTGCAGG
GTCCGAGGTATTCGCAC

TGGATACGACcgactc

5´-
TCGCTCGGGGGACGGACCGGGA
GTCGGTCGTATCCAGTGCGAA
TACCTCGGACCCTGCACTGGA

TACAATCACTAGTGAAT-3´

BdsRNA10
GTCGTATCCAGTGCAGG
GTCCGAGGTATTCGCAC

TGGATACGACgccagg

5´-
TCGCTCTGCACTGCCTCTTCCCT
GGCGTCGTATCCAGTGCGAAT
ACCTCGGACCCTGCACTGGGT
ACAATCGAATTCCCGCATCACTA

GTGAAT-3´

* Performed after cloning into pGEMT-Easy vector (Figure S12). Small RNA sequence in the 
sequencing results is underlined and the stem-loop hairpin is in bold.
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Table S9: List of primers used for qPCR validation of DEGs from mRNA sequencing. 

Primer name Sequence

Ubi4-3Fw GCTGTTGGAACTGCTGCTATACCT

Ubi4-3Rv TTGCACCAAACCAACACACACCAG

Bd213_PRR7_F CAGTTGATGGTGGGTGCCT

Bd213_PRR7_R TCGTCATTACCGCTCCTCCA

Bd213_PR5_F CTACGTGTGCGAGCAGTCTT

Bd213_PR5_R CTTTGAGTGTGCCCTTGATGC

Bd213_HSP90_F TGAGGTTCAGAGTTGGTCGC

Bd213_HSP90_R CCCGAGCCTTTGGATCACTT

Bd213_Chit_rel_F CGTCGCCTATTACGAGCAGT

Bd213_Chit_rel_R ATGCCACAAATCAAACGCCC

Bd213_RCI2_F CCTGTGGTCGCCAATGACAC

Bd213_RCI2_R CGCAGGAGAGCCTATTCGTT

Piri_ITS_F CAACACATGTGCACGTCGAT

Piri_ITS_R CCAATGTGCATTCAGAACGA

1121_t_ADY2_F CCACCACGACTACCCAACAA

1121_t_ADY2_R AGGACCAGGATTGCCAAGTG

5097_t_acCOdh_F CGGTGTCTTTGCCGACTACT

5097_t_acCOdh_R ACTGGGACCTTGACGTTGTC

917_t_YTP1_F GCAAACATCCAGGAGACCCA

917_t_YTP1_R CCAGCCCAAAACATGACAGC

8585_t_glucosidase_F CTCACCGTCCTCGACAACAA

8585_t_glucosidase_R CCCCGCTTCAATCTTCCACT

1893_t_GST_F ATGAGCTGACCTATGCCGAC

1893_t_GST_R TTCCTCCCTTGGCTTTCTGC
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Table S10: Hairpin primers and specific primers used in stem-loop PCR confirmation of 
sequencing-detected sRNAs. 

hairpin Primer name hairpin Primer sequence

qPSisRNA1_cDNAhp GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACggccat

qPSisRNA6_cDNAhp GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACttcatt

qPSisRNA8_cDNAhp GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACaccccc

qPSisRNA15_cDNAhp GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACtgtcga

qPSisRNA19_cDNAhp GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACgttccg

qPSisRNA26_cDNAhp GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACgatccg

qPSisRNA30_cDNAhp GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACgccgac

qPSisRNA37_cDNAhp GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACacaaat

qPSisRNA28_cDNAhp GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACagatcc

qPSisRNA62_cDNAhp GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACcagagt

qPBdsRNA1_cDNAhp GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACttcgac

qPBdsRNA7_cDNAhp GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACcgactc

qPBdsRNA10_cDNAhp GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACgccagg

qPBdsRNA18_cDNAhp GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACgctgct

qPBdsRNA_20_cDNAhp GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACaacttg

qPBdsRNA_21_cDNAhp GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACgccggc

qPBdsRNA_22_cDNAhp GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACaggaat

qPBdsRNA_23_cDNAhp GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACgccggc

qPBdsRNA_24_cDNAhp GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACgccagc

qPBdsRNA_25_cDNAhp GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACgaggcc

qPBdi-
MIR166b_cDNAhp GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACggggaa

Specific forward primer 
name specific forward primer sequence

qPSisRNA1_F TCGCTaacttctcgaatcgc

qPSisRNA6_F TCGCTcaaacccggacgcgt

qPSisRNA8_F TCGCTcgagtaggcaggcgt

qPSisRNA15_F TCGCTgggtccggtgcgtcc

qPSisRNA19_F TCGCTttggggatccggcaa

qPSisRNA26_F TCGCTtacaactttcaacaa

qPSisRNA30_F TCGCTtacccatacctcgcc

qPSisRNA37_F TCGCTgctcacgttctatag

qPSisRNA28_F TCGCTacaactttcaacaac

qPSisRNA62_F TCGCTatccacggccatagg
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qPBdsRNA1_F TCGCTacggtggtcatggaa

qPBdsRNA7_F TCGCTcgggggacggaccgg

qPBdsRNA10_F TCGCTctgcactgcctcttc

qPBdsRNA18_F TCGCTggcgagcgaaccggg

qPBdsRNA20_F TCGCTtcgagtctttgaacg

qPBdsRNA_21_F TCGCTagcgggtcgccgcgt

qPBdsRNA_22_F TCGCTaagtcctcgtgttgc

qPBdsRNA_23_F TCGCTtgcttataggactcc

qPBdsRNA_24_F TCGCTactgttgtcggccgt

qPBdsRNA_25_F TCGCTggagacgccggcggg

qPBdi-MIR166b_F TCGCTtcggaccaggcttca

primer name primer sequence

M13_F GTTTTCCCAGTCACGAC

M13_R AACAGCTATGACCATG

univ_stemloop_PCR_rev GTATCCAGTGCAGGGTCCGAGGT
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