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Editorial on the Research Topic

Plant Disease Management in the Post-genomic Era: From Functional Genomics to
Genome Editing

The growing world population requires an efficient management and control of diseases in
crop production to guarantee both food security and safety (FAO, 2018; Sarrocco and Vannacci,
2018). The development of the so called NGS (Next Generation Sequencing) techniques has been
positively welcomed as a new tool for understanding the nature of plant diseases, even if the
potential for their use has not yet been fully discovered.

This Research Topic arises from the idea to give an updated and exhaustive overview of
the exploitation of genome sequencing, genome comparison, transcriptomics, metagenomics,
RNA based technologies, and genome editing strategies as a new frontier to contribute to plant
disease management.

The knowledge of the complex relationship occurring among plants, pathogens, the
environment and, eventually, beneficial organisms, is now increasing thanks to the ecological
application of genomics (ecogenomics), both at single strain and at community level (Martin,
2014). Metagenomics and metatranscriptomics can be of help to describe the whole microbial
community not only in terms of its ecology, but also to detect that fraction of the microbiome that,
modulating the activity of plant pathogens in favor of the plant host, could be developed (as single
isolate or in consortia) as biopesticides. Cobo-Diaz et al. used a concurrence culture-independent
metabarcoding approach to characterize the microbial communities associated to the incidence
and composition of Fusarium spp. on maize stalk and other bacterial and fungal genera, using co-
occurrence network analysis. Such approach could be a useful tool as part of a screening strategy
for novel antagonist candidates against toxigenic Fusarium spp..

The wide range of beneficial microorganisms does not only include those isolates directly
interacting with harmful pathogens but also consists of endophytes that, thanks to their mutualistic
relationship with the host, can increase plant tolerance to biotic and abiotic stress. Pereira et al.
grouped into operational taxonomic units (OTU) ITS sequences amplified from culturable fungi
associated to Festuca rubra subsp. pruinosa (FRP) roots thus demonstrating a set of seven species.
These seem to be the components of the core mycobiome of FRP and include very promising
candidates in the adaptation of FRP plants to salinity, a characteristic stress factor of their habitat.
Indeed a Diaporthe strain could help ryegrass (Lolium) to adapt to high salinity. The genome
of bacterial endophyte Paraburkholderia phytofirmans was extensively studied by Esmaeel et al.,
allowing the identification of all gene clusters which contribute to the adaptive mechanisms
under different environmental conditions and explaining the high ecological competence of this
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microorganism, able to promote plant growth and to induce
resistance to abiotic and biotic stresses.

The number of fully-sequenced and released genomes
is increasing rapidly. This genomics “revolution” gave an
important contribution in plant pathology, rapidly increasing
our knowledge of the molecular mechanisms underpinning
pathogenesis, resistance and the mode of action of beneficial
microorganisms (Klosterman et al., 2016). Firrao et al., through
the analysis of Illumina sequence data-sets of 11 European
and one non-European Peudomonas syringae pv. actinidia
(Psa) genomes, gave a picture of the significant differences in
the genome evolution of this bacterium before and after a
clonal expansion, thus furnishing information of great value
for epidemic management. In the same way, the genome-wide
analysis of the plant pathogenic bacteria Ralstonia solanacearum
and Xantomonas oryzae pv. oryzae, performed by Cho et al,
and Doucouré et al, respectively, will have important effect
in the sustainable deployment of broad-spectrum and durable
resistance to these serious pathogens.

Broberg et al., by performing the re-sequencing of the genome
of 52 isolates of the beneficial fungus Clonostachys rosea, made
a genome-wide association study in conditions relevant for
biocontrol activity, with particular attention to the cold tolerance
of these fungi, an important implication for the management of
plant diseases.

Also from the host-plant side, genomics and post-
genomics techniques are actually giving wide opportunities
to understand diseases and stress tolerance, as well as to
design innovative control strategies, as overviewed by Leonetti
et al. on chickpea. The contribution of plant proteomics is
no less important for understanding mechanisms underlining
resistance to common diseases, such as in the pathosystem
Fusarium oxysporum/tomato, where defense gene response was
phenotypically characterized by de Lamo et al..

During plant/microorganism interactions, plant colonization
is governed by secreted effectors that can belong to the same

families in the case both of harmful (phytopathogens) and
beneficial (symbiontic) interactions. The role of effectors in the
molecular chat occurring with Trichoderma isolates, as well as
during arbuscular mycorrhizal (AM) symbiosis—that facilitates
mineral nutrition and confers tolerance to biotic and abiotic
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stresses—was discussed by Ramirez-Valdespino et al. and Vof3
et al,, respectively.

Progresses in genetic engineering created new opportunities
in plant disease management. This is the case of RNA interference
(RNAI) as well as genome editing technologies that, with a rapid
progress, has become an important genetic tool to “fouch up”
the genome of host plants or pathogens, as well as of beneficial
microorganisms (Collinge, 2018; Nodvig et al., 2018).

In filamentous fungi, as example, gene silencing mediated
by RNAi, models important biological processes, including
pathogenicity. Having previously demonstrated that it works
(Koch et al, 2013). Gaffar et al. explored RNAi machinery
in Fusarium graminearum for sexual-asexual reproduction,
sensitivity to double-strand (ds)RNA and pathogenicity in order
to develop RNAi-based plant protection strategies.

The CRISPR/Cas9 technology applied to plants was reviewed
by Borrelli et al. as a tool to implement pathogen resistance,
thus representing the natural consequence of years spent in
deciphering and reading genomes. The possibility to edit and re-
write fungal genomes described by Vicente Mufioz et al,, is an
additional possibility of controlling plant pathogens by creating
new interesting biocontrol strains to be released in field thus
avoiding the introduction of transgenes in the environment.

The availability of NGS and all the developing “omics” offer
new tools for an environmentally and economically sustainable
crop protection by improving our knowledge of the complex
network, at cell, individual and ecosystem level, modulating
plant diseases and by offering us new tools to rapidly react
to new, emerging and re-emerging plant diseases in a fast
changing environment.
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Cicer arietinum L. (chickpea) is the world’s fourth most widely grown pulse. Chickpea
seeds are a primary source of dietary protein for humans, and chickpea cultivation
contributes to biological nitrogen fixation in the soil, given its symbiotic relationship with
rhizobia. Therefore, chickpea cultivation plays a pivotal role in innovative sustainable
models of agro-ecosystems inserted in crop rotation in arid and semi-arid environments
for soil improvement and the reduction of chemical inputs. Indeed, the arid and semi-arid
tropical zones of Africa and Asia have been primary areas of cultivation and diversification.
Yet, nowadays, chickpea is gaining prominence in Canada, Australia, and South
America where it constitutes a main ingredient in vegetarian and vegan diets. Viruses
and plant parasitic nematodes (PPNs) have been considered to be of minor and
local impact in primary areas of cultivation. However, the introduction of chickpea
in new environments exposes the crop to these biotic stresses, compromising its
yields. The adoption of high-throughput genomic technologies, including genome and
transcriptome sequencing projects by the chickpea research community, has provided
major insights into genome evolution as well as genomic architecture and domestication.
This review summarizes the major viruses and PPNs that affect chickpea cultivation
worldwide. We also present an overview of the current state of chickpea genomics.
Accordingly, we explore the opportunities that genomics, post-genomics and novel
editing biotechnologies are offering in order to understand chickpea diseases and stress
tolerance and to design innovative control strategies.

Keywords: Cicer arietinum L., plant viruses, plant parasitic nematodes, RNA silencing, viral metagenomics, plant
transformation, genome editing

CICER ARIETINUM L.: USES, ORIGIN, AND DISTRIBUTION

In many developing countries, grain legumes have gained much importance in view of acute
shortages in the production of animal proteins and the prevalence of protein malnutrition.
Conversely, they are a valid alternative as a source of protein for specific (vegetarian or vegan)
or balanced diets worldwide, particularly in developed countries.
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Legumes are able to fix atmospheric nitrogen, in association
with bacteria, and play a central role in low-input and
sustainable agricultural systems (Graham and Vance, 2003).
With a global production of ca. 77 x 10° tons, grain legumes
(also known as “pulses”) rank third after cereals and oilseeds
(FAO, 2014). The world production of chickpea in 2014 was
more than 13 x 10° tons (FAO, 2014), making chickpea
rank fourth among the pulses after soybean, peanut, and
common bean. However, chickpea can be considered the most
important crop at regional level, especially in semi-arid areas
of the world and in Mediterranean regions (FAO, 2014).
The genus Cicer L. includes 44 taxa, 9 annuals, and 35
perennials, and has a narrow genetic base, probably as a
consequence of it being a monophyletic descendent from
its wild progenitor Cicer reticulatum, grown in the Fertile
Crescent region (the center of chickpea domestication and
diversification) (Abbo et al., 2003). The most popularly known
species is the cultivated Cicer arietinum L., with 2n = 2x =
16 chromosomes and a genome size of ~738 Mb (Varshney
et al, 2013). Commercially, the cultivated chickpea varieties
are grouped according to the plants flowers pigmentation
as well as size and color of seeds; i.e., desi-type (small-
seeded) and kabuli-type (large-seeded). Desi-type accounts for
about 85% of the worlds production and is mainly grown
in India, Pakistan, Iran, Afghanistan, and Ethiopia. kabuli-
type, instead, is grown in the Middle East, India, Mexico,
North and South America, Australia, Spain, and Italy. A third
type is characterized by a medium-to-small size and cream-
colored seed, and it is designated as “pea-shaped” (Upadhyaya
et al, 2008). Seed color (black, red, or white, and their
variations) is a key commercial characteristic, which is also
associated with the content of phenylpropanoid pathway-derived
bioactive secondary metabolites such as flavonoids, lignans, and
isoflavones. In addition to seed coat color determination, these
secondary products have potential medicinal properties (Sirtori,
2001), and varied and important functions in processes, such as
UV protection, disease resistance, and nodulation (N, fixation)
(Reinprecht et al., 2013).

The ex-situ collections of chickpea landraces and wild
relatives are stored in 44 genebanks worldwide (Smykal,
2015) and hold a combination of 98,313 accessions. The
largest collections are conserved at the International Crops
Research Institute for the Semi-Arid Tropics (ICRISAT)
in India (20,140 accessions) and International Center for
Agricultural Research in the Dry Areas (ICARDA) in
Syria (13,818 accessions) (Table1). Chickpea underwent
a drastic loss of genetic diversity due to a series of
bottlenecks unique to this crop, ie., (i) reluctant cross-
compatibility with wild species, (ii) difficulty in domestication,
and (iii) winter-spring annual phenology (Abbo et al,
2003). Consequently, C. arietinum displays a lack of
adaptive diversity for a range of biotic and abiotic stress.
Susceptibility to viruses, pathogens and pests, sensitivity
to environmental stress and poor cross-pollination are the
main reasons for the limited diffusion and low production of
chickpea.

VIRUSES AND VIRUS-LIKE ENTITIES
HOSTED BY C. ARIETINUM L.

Several viruses have been isolated from naturally infected
chickpea worldwide, but only a few cause diseases, which
under specific environmental conditions can lead to significant
economic loss (Bos et al., 1988; Kumar et al., 2008). The most
relevant viruses reported to infect and induce disease in chickpea
are: Alfalfa mosaic virus (AMV, Alfamovirus, Bromoviridae),
Cucumber mosaic virus (CMV, Cucumovirus, Bromoviridae),
Bean leafroll virus (BLRV) and Beet western yellows virus
(BWYV) (both Luteovirus, Luteoviridae), Pea enation mosaic
virus complex (PEMV-1, Enamovirus, Luteoviridae) and
(PEMV-2, Umbravirus), Chickpea stunt disease-associated virus
(CpSDaV, genus unassigned, Luteoviridae), and a number of
geminiviruses of the genus Mastrevirus, the most important
being Chickpea chlorotic dwarf virus (CpCDV). Faba bean
necrotic yellows virus (FBNYV, Nanovirus, Nanoviridae) has
also been reported (Makkouk et al., 2012). Table 2 contains a
list of all the viruses to date associated with chickpea. Figure 1
contains a schematic representations of life cycles and spread of
two groups of plant viruses included in Table 2 (i.e., with RNA
or DNA genome).

In recent years, the most invasive chickpea virus has been
CpCDV. This virus, first reported in India in 1993 (Horn et al.,
1993), has recently spread in many countries and among several
crops, including other leguminous species (faba bean, lentil,
bean), some solanaceous (tomato, pepper) and cucurbits (squash,
cucumber), as well as other unrelated species such as cotton,
sugar beet, okra, and papaya (Manzoor et al,, 2014; Fahmy
et al., 2015; Kraberger et al., 2015; Ouattara et al., 2017). In a
newly discovered disease of watermelon in Tunisia, causing fruit
hardness, CpCDV has been found as the causal agent (Zaagueri
etal., 2017a,b). CpCDV is known to be transmitted by leathopper
species of the genus Orosius in a persistent manner (Horn et al.,
1994). Today, CpCDV has attained a very wide distribution,
including the Indian subcontinent, the Middle East and North
Africa. Being so polyphagous and having a very widespread
vector, CpCDV is certainly an emerging pest that will most likely
colonize new areas (and possibly hosts) in forthcoming years.

In the last two decades, chickpea cultivation has been
exposed to viral infections in novel areas of cultivation, such as
Australia, where a high incidence of disease due to outbreak of
viruses has been detected. The Australian food and agriculture
stakeholders are closely observing chickpea cultivations and
claiming the need to develop strategies that can assist in
avoiding future viral epidemics in chickpea and other pulse crops.
The Australian Grains Research and Development Corporation
(GRDC) (Table1) is supporting surveys of chickpea viruses
in Central and West Asia (Kumari et al., 2011). As a result,
other geminiviruses similar to CpCDV (but not CpCDV) have
been found (Thomas et al., 2010; Hadfield et al., 2012), though
currently limited to Australia.

Some chickpea viruses have a recognized quarantine
significance, as tested by the Germplasm Health Laboratory of
ICRISAT and ICARDA (see the Crop Genebank Knowledge
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TABLE 1 | Major “depositor institutes” conserving chickpea accessions.

Genebank and link Acronym Country Accessions
International Crop Research Institute for the Semi-Arid Tropics ICRISAT India 20,140
http://www.icrisat.org

International Center for Agricultural Research in the Dry Areas ICARDA Syria 13,818
http://www.icarda.org

United States Department of Agriculture USDA USA 6,789
https://www.ars-grin.gov

Aegean Agricultural Research Institute AARI Turkey 2,075
http://www.gfar.net

Australian Temperate Field Crops Collection GRDC Australia 8,655
http://elibrary.grdc.com.au

National Plant Gene Bank NPGB Iran 5,700
http://medomed.org

Vavilov Institute of Plant Genetic Resources VIR Russia 2,091
https://www.gbif.org

Institute for Agrobotany Tapi’ oszele nebih Hungary 1,170
https://www.nebih.gov.hu

Mediterranean Germplasm Database MGR_IBBR_CNR [taly 358

http://ibbr.cnr.it/mgd/

Base website: https://cropgenebank.sgrp.cgiar.org/index.php/
management-mainmenu-433/stogs-mainmenu-238/chickpea/
guidelines/viruses). They are: Pea seed-borne mosaic virus, Bean
yellow mosaic virus (PSbMV and BYMYV, respectively; Potyvirus,
Potyviridae), AMV and CMV (Table 2). Although belonging to
different families, these viruses are transmitted by aphids and are
also seed-transmitted to variable degrees. This last feature is of
paramount importance for international trade, because viruses
can reach and invade new habitats by the long distance human
transport of seeds. Table 2 highlights the commercial sources of
resistance against viruses, which to date are only two: PEMV-1
and PSbMV. For other viruses, no resistance has been described
in the literature.

Recently, next-generation sequencing (NGS) approaches have
opened the door to reconstructing viral populations in a high-
throughput and cost-effective manner. Nowadays, NGS can be
employed in environmental studies in the agro-ecosystem to
either analyze known plant viruses by means of a reference-
guided approach or to discover novel plant viruses using a de
novo-based strategy (Massart et al., 2014).

Viral surveys using metagenomics in C. arietinum L. based
on short (s)RNA analysis have been carried out in Apulia,
Southern Italy, during the 2013-2017 time period. The surveys
revealed that a large number of known viral species co-infect
chickpea plants without causing any symptoms. Surprisingly,
among the viruses found were Tomato mottle mosaic virus
(ToMMYV, Tobamovirus, Virgaviridae), which had not yet been
observed in chickpea or reported in Europe, and one viroid
referring to Hop stunt viroid (HSVd, Hostuviroid, Pospiviroidae)
(Pirovano et al, 2014). In the same surveys, but in different
plant samples, a high level of Turnip crinkle virus (TCV,
Carmovirus, Tombusviridae) was found, though never reported
before in chickpea (Ghasemzadeh et al., 2018). Worthy of note,
viral metagenomics is showing that chickpea in open field is
a highly permissive host for viruses and mixed infections are

not uncommon. This means that most of the symptomatology
that in the literature was ascribed to specific infections deserves
further studies. In Figure 2 some viral symptoms that could be
unequivocally ascribed to infection by a single virus.

To date, other virus-like infectious agents, such as
phytoplasmas, have been reported only in sporadic cases,
i.e,, Australia, Ethiopia, Oman, and Pakistan. In most cases,
phytoplasmas were associated with yellowing, phyllody and little
leaves. Generally, infectious phytoplasmas are recognized as
members of the 16SrII peanut witches’ broom group (Ghanekar
et al., 1988; Saqib et al., 2005; Al-Saady et al., 2006; Akhtar et al.,
2008).

PPNs ASSOCIATED WITH C. ARIETINUM L.

Diseases caused by soil-borne PPNs can generate significant yield
losses in economically relevant crops (De Coninck et al., 2015).
The estimation of plant parasitic nematodes (PPN) constrains
to chickpea production was estimated in 14% (Castillo et al.,
2008). PPNs are biotrophic (i.e., obligate parasites that are
completely dependent on the host as the only source of nutrients)
and polyphagous, because they can infect many different hosts
among monocots and dicots. In the most representative PPNs
families, root-lesion nematodes (Pratylenchus spp.), reniform
nematodes (Rotylenchus reniformis), cyst-forming nematodes
(CNs) (Heterodera spp.) and root-knot nematodes (RKNs)
(Meloidogyne spp.) have been found pathogenic for chickpea
and studies were carried out to characterized chickpea-nematode
interactions, to describe geographical distributions, general
symptoms even at histopathological levels (Figures 3, 4 and
Table 3). The two PPNs largest groups most represented in
the world’s agro-ecosystem (Hussey, 1989) with interesting
infections trategies and life cycles (Figure 5) are CNs and RKNs
(Figure 5). Although three CN species of Heterodera have been
found associated with chickpea worldwide (Castillo et al., 2008),
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FIGURE 1 | Virus cycles in agro-ecosystems. (A) Schematic representation of replication cycles of Turnip crinkle virus (TCV) family Tombusviridae, genus Carmovirus),
a virus that has been found associated to chickpea in open field. TCV has a positive (+) sense RNA genome that replicates (blue line). The viral RNA-dependent RNA
polymerase (RdRp) amplifies the viral genome in the cytoplasm via negative (—) sense RNA template synthesis (red line). (+) RNA enters into the cellular translation
machinery and codes for the RdRp. Moreover, movement proteins (MPs) and coat protein (CP) are the products of translation on viral sub-genomic RNAs. TCV
genomic RNA can be encapsidated by the CP to form an icosahedral virion that can be then acquired by insects such as coleoptera. (B) Schematic representation of
replication cycles of single stranded (ss) DNA viruses of the family Geminiviridae. Circular viral genomic ssDNA (1) functions as template for the synthesis of antisense
ssDNA (orange line) due to the activity of host DNA-dependent DNA polymerase (yellow element) (2) to form a viral double stranded (ds)DNA intermediate (3). Viral
dsDNA can be transcribed in the nucleus by the host DNA-dependent RNA polymerase Polll. Viral RNA transcripts are transferred to the cytoplasm, and enter into the
translational machinery to release viral replicase (rep, blue element), MP and CP. One strand of the viral dsDNA can undergo cleavage by viral rep (4), thus allowing the
access to the host DNA polymerase that extends the viral ssSDNA and generates several copies of the circular genome (5). The ssDNA can be encapsidated and
acquired by leafhopper vectors. (C) Chickpea is a permissive, non-symptomatic host for several viruses and it is often used in rotation with and/or in proximity to other
crops for a sustainable agriculture. It therefore functions as a reservoir of virus inoculum that can be spread through insect vectors to other permissive crops that can
show viral symptoms such as leaf yellowing, curling deformation and a general impact on the crop production. Metagenomics of nucleic acids of viral origin can be
applied on either symptomatic or non-symptomatic plant tissues, as well as to other environmental samples (soil, insects) in order to explore viral entities associated to

agro-ecosystems.

Heterodera ciceri (Figure 4) is the only nematode that can lead
to significant economic loss. In semi-arid areas of cultivation,
the eggs do not undergo dormancy but hatch in the presence of
chickpea root diffusates (exudates), where there are suitable soil
moisture and temperature conditions of at least 10°C. Chickpea
is highly susceptible to damage by H. ciceri and, therefore,
efforts have been dedicated to search for potential sources
of resistance to transfer them into genotypes of commercial

varieties. However, resistant accessions have been identified only
in C. bijugum, C. pinnatifidum, and C. reticulatum, and were
deposited in the ICARDA genebank (Table 1) (Malhotra et al.,
2002). Meloidogyne arenaria, Meloidogyne incognita (Figure 3),
and Meloidogyne javanica are the RKN species that cause
damage to chickpea. All three are typically found in areas with
warm climatic conditions, and attack chickpea especially in the
Indian subcontinent. On the other hand, Meloidogyne artiellia
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FIGURE 2 | Selected photos showing symptoms induced by viruses on chickpea plants. (A) Tip wilting induced by mechanical inoculation with TuMV (from
Schwinghamer et al., 2007). (B) Symptoms of chlorotic stunt disease caused by CpCDV on chickpea (from Kanakala et al., 2013).

(Figure 4), being well-adapted to cool and wet conditions, is
widely distributed in the Mediterranean region, including Italy
(Castillo et al., 2008). Particularly M. arenaria, M. incognita, and
M. javanica induce large galls in chickpea roots, whereas M.
artiellia gives rise to very small galls surrounding the feeding sites
(Vovlas et al., 2005) or no galls in the infected roots (Table 3).
Ansari and co-authors (Ansari et al., 2004) screened more than
7,000 accessions of chickpea germplasm for resistance to M.
javanica (Treub) Chitwood; four promising nematode-tolerant
genotypes were found and conserved in the chickpea ICRISAT
genebank (Table 1).

GENOMICS OF C. ARIETINUM L.: HOST
RESPONSE TO PATHOGENS AND NEW
APPLICATIONS OF BIOTECHNOLOGY

The chickpea genome has recently been released by two research
groups (Jain et al, 2013; Varshney et al,, 2013) and further
analyzed (Parween et al., 2015; Thudi et al., 2016). The availability
of a rich genomic platform of chickpea and its relatives, such
as C. reticulatum (a source of interesting characteristics) (Gupta
et al., 2017), provides insight into both genome diversity and
domestication and therefore should be considered as a resource
to improve chickpea resistance against biotic and abiotic stress.
One of the most recurrent themes in plant pathology research
is the highly adaptable nature of pathogens, including viruses and
nematodes. These organisms possess the ability to harness and
modify cellular resources in order to coexist with the plant host.
Current genomics in legumes make it possible to study specific
layers of plant-pathogen interactions directly using crop plants,
including chickpea. A phylogenetic analysis of legume species
constructed with genome-wide, single-copy orthologous genes
shows that the closest relative to chickpea is Medicago truncatula,
and secondarily Glycine max (Zheng et al., 2016) (Figure 6). M.
truncatula and G. max are widely considered as model legumes
and, therefore, studies in chickpea could benefit from those
carried out in the model relative species. The availability of a

genomic platform of the chickpea, together with recent advances
in understanding the mechanisms of immune responses to plant
pathogens, presents interesting perspectives for attenuating the
damage caused in chickpea by biotic stress. Below we highlight
the promising main topics.

PLANT IMMUNE DEFENSE RESPONSE,
EFFECTOR TARGETS, AND RNA
SILENCING IN PATHOGEN ATTACK

Plants  recognize pathogens and microbes through
pathogen/microbe-associated molecular patterns (P/MAMPs).
PAMPs are evolutionarily conserved molecules across kingdoms;
in plants they carry out critical functions against several
microbial attacks (Boutrot and Zipfel, 2017), including invasion
of viruses, bacteria, fungi, and nematodes. For instance, it is
widely accepted that the early stages of pathogen attack could
be considered the key target step in plant defense strategies; this
idea has also been recently extended to nematode parasitism
(Holbein et al., 2016). PAMPs activate host defense responses
(PAMP-triggered immunity or PTI) through a complex signaling
cascade. Effectors should interfere with PTI responses, thereby
leading to effector-triggered susceptibility (ETS). Manosalva and
coauthors (Manosalva et al., 2015) showed that PPNs secrete
conserved pheromones named “ascarosides,” eliciting MAMP
response in various plants, and are exclusively identified in
the phylum Nematoda. In turn, microbial virulent pathogens
are able to overcome plant defense mechanisms by secreting
effectors into the host. An effector protein can also be the elicitor
of effector-triggered immunity (ETI) (Mandadi and Scholthof,
2013). If this first defense system is defeated, then plant resistance
initiates a second mechanism which is more amplified and faster
than PTI and usually develops in a form of programmed cell
death known as the hypersensitive response (HR), leading the
infected host cell to apoptosis. In this second detection system
level, plants are able to recognize pathogenic effectors through
nucleotide-binding site leucine-rich repeat (NBS-LRR) proteins
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FIGURE 3 | Symptoms of nematode infection on chickpea plants in field and greenhouse. (A) Symptoms of infection visible in the field on C. arietinum: plant reduced
in crop yield with chlorotic, pale, and yellow leaves. (B) Greenhouse pot test: control plant (left) and M. incognita infected plant (right). (C) Root system of control (c) and
M. incognita infected plants (4n). (D) Egg masses (em) generated by M. incognita mature female, in root galling tissue. (E) Newly formed cysts (cy) of H. goettingiana.

and are characterized by leucine-rich repeats (LRR) that give
them binding specificity. In fact, among the largest gene families
in plants deputed to play roles in response to a broad range
of pests and pathogens is the R-gene family, which mainly
includes NBS-LRR genes (Zheng et al., 2016). Chickpea contains
at least 153 NBS-LRR homolog genes in eight chromosomes
(Varshney et al., 2013). This number is considerably lower than
the number of orthologs in other legume species (Jain et al.,
2013). Once discovered in M. truncatula and G. max, the cascade

regulation of NBS-LRRs triggered by micro (mi)RNAs of the
miR2118/482 superfamily members has been associated with
nodulation events (plant-rhizobium interactions) and not to
better specified plant pathogen defense strategies (Zhai et al.,
2011). The interaction between miRNA and R-genes might
have long-term evolutionary benefits by buffering NBS-LRR
levels to reduce the fitness cost of these genes (Zheng et al,
2016). More recently, NBS-LRR secondary siRNA cascade
mechanisms have been revealed to spawn valuable layers of
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(B,D,F) = 200 um (Source: Nicola Vovlas, CNR).

FIGURE 4 | Three important PPNs associated to chickpea roots. Meloidogyne artiellia: (A) Longitudinal root section showing anatomical alterations; (B) Scanning
electron microscopy (SEM) photo of a female on the root. Heterodera ciceri: (C) The tissues disruption caused by the cyst nematode is shown in longitudinal root
section; (D) SEM image of a mature female. Pratylenchus thornei: (E) Longitudinal section of the root showing lesions caused by the nematode; (F) Fuchsin-stained
root cortex section, showing the migratory endoparasite. n, nematode; e, eggs; gc, giant cell; ne, necrotic tissues; s, syncytium. Scale bars: (A,C,E) = 500 pm;

non-race-specific resistance against viral and bacterial pathogens
(Shivaprasad et al., 2012) (Figure 7). This recently discovered
plant strategy seems to be independent from either the NBS-LRR
protein additive effect of expression or from the R-gene-to-
pathogen gene interaction. In chickpea leaf/shoot/floral tissues,
22 nt-long miR2118 is fairly present and targets NBS-LRRs
(Srivastava et al., 2015), and the secondary siRNA mechanism
involved in cascade regulation of NBS-LRR is present as well.
Importantly, NBS-LRR regulation can be subverted by plant
viruses. RNA silencing in plants and insects can function as a
defense mechanism against invading viruses, and viruses have
evolved viral suppressors of RNA silencing (VSRs) to overcome
the host defense (reviewed by Csorba et al., 2015). VSRs can act
on various steps of the different silencing pathways and, thus,
can have a profound impact on host endogenous RNA-silencing
regulatory pathways, including the generation and function
of plant endogenous siRNA, such as miRNAs and secondary
siRNAs (Figure 7).

Chickpea seems to be a permissive host for many plant
viruses that are considered capable of inducing pathogenesis in
many plant species. All of the plant viruses families infecting
chickpea (Table2) are known to express VSRs, which, in
turn, have been shown to subvert RNA silencing machinery.
For instance, PEMV-1 expresses the PO protein, which has
been shown to destabilize AGOI1 protein (Fusaro et al,

2012) and, therefore, could hinder the miR2118-triggered,
NBS-LRR-mediated cascade mechanism of R-gene silencing
at several stages (Figure7). Similarly, but with a different
mechanism, TCV P38 can alter AGO1 activity (Azevedo et al,,
2010) (Figure 7). Tobamovirus replicase (i.e., P122/P126) is
known to bind miRNA and siRNA, preventing their stabilization
and incorporation into the RNA-induced silencing complex
(Csorba et al., 2007; Vogler et al., 2007) (Figure 7). All these
VSRs from viruses infecting chickpea can block downregulation
of NBS-LRR and the downstream cascade mechanism, inducing
overexpression of R-genes with a wider coverage against viral
and other pathogens, despite the low number of R-genes in the
chickpea genome.

Recently, it has become clear that silencing pathways also
play an important role in other plant pathosystems, including
the onset of nematode parasitism. Indeed, through a transgenic
approach, it has been shown that VSRs can subvert host RNA
silencing machinery and increase the susceptibility to nematode
parasitism (Walsh et al., 2017).

RNA silencing approaches have also been exploited in plants
to control PPNs, given that RNA silencing mechanisms are also
conserved in nematodes (Fire et al., 1998). Double-stranded RNA
(dsRNA) can be produced through engineered plants that have
the ability to silence target genes in nematode body. The delivery
of dsRNAs from plant to nematode occurs by the ingestion
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TABLE 3 | Selection of PPNs, associated with chickpea (font: https://www.cabi.org).

Family Species Generic and characteristic symptoms Countries References
Meloidogynidae Meloidogyne incognita, Whole plant: early senescence; Indian Subcontinent Ali and Sharma, 2003;
Meloidogyne arenaria, Leaves: abnormally colored and wilted Vovlas et al., 2005
Meloidogyne javanica Roots: galls, swollen and reduced root system
Meloidogyne artiellia Root with small or absent galls and protruded adult female Mediterranean Basin Vovlas et al., 2005
Heteroderidae Heterodera goettingiana Whole plant: stunted North Africa Di Vito et al., 1994
Leaves: pale green at an early stage, later chlorotic.
Reduced number of flowers and pods, small or no seeds
Roots: poorly developed, lacking nitrogen-fixation nodules.
Heterodera ciceri Soil infestation in small circular area that should extend to Turkey, Syria Greco et al., 1988;
entire field. Eggs don’t undergo dormancy. Castillo et al., 2008
Pratylenchidae Pratylenchus thornei Whole plant: dwarfing distributed in patches Australia, India, Mexico,  Castillo et al., 1996
Leaves: chlorosis and reduction shoot weight North Africa, Spain
Roots: necrotic streaks or lesions, soft rot of cortex
Pratylenchus penetrans Whole plant: reduced crop vyield North Africa, Spain, Di Vito et al., 1994
Leaves: chlorotic (pale, yellowing) Turkey
Roots: may be thin, and with a reduced number of lateral
roots.
Hoplolaimidae Rotylenchus reniformis Whole plant: distorted India, Egypt, Ghana Mahapatra and Pahdi,

Leaves: abnormal colors
Stems: stunting or rosetting

1996

Roots: external feeding and reduced root system

process and can trigger RNA interference (RNAi), resulting in
the inactivation of targeted genes (Gheysen and Vanholme, 2007).
Availability of a genomic platform of PPNs is a prerequisite to
identify the nematode genes responsible for the interactions and
run loss-of-function (Abad et al., 2008; Denver et al., 2016).
This could lead, for example, to adopt strategies based on the
manipulation of nematode-derived protein elicitor(s), molecules
able to induce a PTI-like response (Mendy et al., 2017). The
ETI defense response in plant-nematode interaction is relatively
better investigated than PTI, and often involves an HR reaction
due to the initiation of the two characteristic “feeding structures”
induced in the root by sedentary endoparasitic nematodes
(Goverse and Smant, 2014) (Figure 5). A noteworthy case is
the HR that takes place in the induction of several individual
“giant cells” in Mi-I-resistant tomato plants infected by RKN-
infective second-stage juveniles (J2) (Figure 5). By contrast, the
deterioration of the “syncitium” (composed of hundreds of fused
root cells, induced by H. glycines in soybean genotypes harboring
a natural resistance gene at the Rghl locus, is not characterized
by typical cell death. Rghl-mediated resistance seems to involve
the collapse of the feeding site by nuclear and cytoplasmic
fragmentation.

Recently, a novel and unique mechanism of plant resistance
has been discovered through mutation analysis, gene silencing
and transgenic complementation in soybean-H. glycines
interactions. Wu et al. (2016) have demonstrated that the single
dominant Rgh4 locus, which is a major quantitative trait locus
encoding serine hydroxymethyltransferase (SHMT), confers
resistance to CNs (Wu et al, 2016). SHMT is an enzyme
that is ubiquitous in nature and structurally conserved across

kingdoms. The resistant allele possesses two functional single
nucleotide polymorphisms (SNPs, denoted as P130R and
N358Y) compared to that of the sensitive allele, rthg4. These
mutations affect the kinetic activity of SHMT, which could result
in folate deficiency inside syncytia and a nutritional deficiency
that starves the nematode. This is a novel plant defense strategy
against roundworm that could readily be extended to other
important crops. Preliminary exploration within the chickpea
genome has confirmed the presence of at least two shmt loci
(Figure 8). These findings will likely boost research to extend
the use of SHMT resistance to chickpea by identifying the
source of positive functional SNPs in ancient local varieties or,
alternatively, to apply novel technologies such as genome editing
of functional SNPs.

BIOTECHNOLOGY APPLICATIONS:
CURRENT STATUS ON THE GENETIC
TRANSFORMATION OF CICER
ARIETINUM L.

The enhancement of tolerance to biotic and abiotic stress in
chickpea can significantly increase its yield potential. However,
due to the limited genetic pool, cross compatibility and lack of
resistance sources to biotic constraints in the available germplasm
the improvement of chickpea by means of conventional breeding
faces serious limitations. Modern plant biotechnology tools offer
several possibilities to finally overcome these limitations. The
main objectives are (i) to enhance chickpea resistance to pests
and other biotic and abiotic stress, and (ii) to achieve more
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FIGURE 5 | Simplified life cycles of cyst nematodes (CNs) and root-knot (RKNs) nematodes. Larvae hatch from cysts or from egg masses; the first-stage juvenile
molts inside the eggshell become an invasive second-stage juvenile (J2) adapted to penetrate the root using an intra, inter-cellular migration and to the establishment
of the feeding site (Syncytium and Giant cell). The nematode has to change molts (J3, J4) to become a fully mature (male or female) adult. Parthenogenetic and
amphimictic reproduction modalities are different between CNs and RKNs.

Vitis vinifera
Cajanus cajan
Phaseulus vulgaris
Glycine soja
Glycine max

Medicago truncatula
Cicer arietinum

Lotus japonicus

FIGURE 6 | Phylogenetic tree of seven legume species with Vitis vinifera as the out-group. The phylogenetic tree was constructed with a genome-wide single-copy
orthologous genes of legume species i.e., Glycine max, (cultivated soybean), Glycine soja (wild soybean), Medicago truncatula (barrel clover), Lotus japonicus (bird’s-
foot trefoil), Cajanus cajan (Pigeonpea) Cicer arietinum (chickpea), Phaseolus vulgaris (common bean). Modified from Zheng et al. (2016).

sustainable food production in developing countries, such as  tools for manipulating the genome of a plant, either through
in the semi-arid tropics where agrochemicals are inaccessible  transgenics or other means, and the process always includes
to low-income farmers (Sharma and Ortiz, 2000; Sharma  plant transformation and regeneration steps. Chickpea, like
et al., 2001). Most biotechnology approaches require skills and  other large-seed grain legumes such as faba bean, pigeonpea,
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FIGURE 7 | NBS-LRR silencing cascade mechanism. Schematic representation of NBS-LRR silencing cascade mechanism triggered by miR2118 (a legume specific

mechanism.

miRNAs discovered in soybean), highly conserved in C. arietinum. In red circles, viral silencing suppressors (Csorba et al., 2015) that can impair the cascade
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FIGURE 8 | Serine hydroxymethyltransferase gene model. Shmt model and polymorphism in resistant (Forrest) and susceptible (Essex) soybean cultivars and
alignment of predicted chickpea shmt 1-like MRNA sequences (NCBI reference XM_004504310.1 and XM_004502186.1) showing the two functional SNPs positions.

and common bean, is considered to be “reluctant” to in vitro
transformation and regeneration (Somers et al., 2003). Therefore,
one critical point of chickpea productivity improvement remains
the development of reliable genetic transformation techniques.
Plant genetic transformation is defined as the method for
the delivery, integration, and expression of foreign genes into
plant genomes (Atif et al., 2013). There are two main methods
that enable delivery of the gene into the plant genome: (i)

direct gene transfer (mediated by physical or chemical forces)
and (ii) Agrobacterium-mediated genetic transformation, where
Agrobacterium tumefaciens is used as a vehicle to introduce
foreign genes into the plant genome.

In the case of the chickpea, many research efforts were
undertaken to improve resistance against major biotic stress,
such as pod borers (Heliothis armigera [Hub.]), aphids (Aphis
craccivora), bruchids, fungal diseases (Fusarium oxysporium/F.
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udum), and abiotic (drought and salinity) stress, as well
as the nutritional quality by increasing the sulfur-containing
amino acid content. The first transformation studies with
chickpea were performed by Srinivasan et al. (1991) and Islam
et al. (1994) using callus culture; shoot regeneration was not
possible. Although these studies were unsuccessful due to
poor regeneration, they showed the susceptibility of chickpea
to infection with A. tumefaciens and proved its potential as
a transformation vector for chickpea. Afterwards, generation
of transgenic chickpea was reported with varying degrees of
success. To our knowledge, however, the number of reports
describing the successful production of transgenic chickpea
using either Agrobacterium-mediated or particle bombardment
transformation is still very limited (Mishra et al, 2012; Atif
et al., 2013; Tripathi et al., 2013). Table 4 summarizes chickpea
transformation studies. Most of the first attempts on genetic
transformation used the Agrobacterium-mediated method with
few exceptions, where particle bombardment was employed
(Tewari-Singh et al, 2004; Ganguly et al., 2014). Indurker
et al. (2007) reported a successful transformation protocol (16%
transformation frequency) using particle bombardment with
gold particles as micro-carrier, in combination with helium
pressure of 900 psi on epicotyl explants of the cultivars ICCC37
and PG-12. The construct was a pHS102 plasmid harboring the
reporter gene uidA, neomycin phosphotransferase II (nptIl) and
insecticidal crylAc. Fontana and colleagues (Fontana et al., 1993)
reported the first successful chickpea transformation protocol
after transformation of embryonic axes with A. tumefaciens. The
transferred genes were successfully inherited into subsequent
generations. Molecular evidence for the transgenic nature was
confirmed by studying the integration and expression of p-
D-glucuronidase and nptll genes as well as the integration
and expression of the transferred genes. Later, other reports
described new protocols (Krishnamurthy et al., 2000; Polowick
et al., 2004; Sarmah et al., 2004; Senthil et al., 2004; Sanyal
et al., 2005) improved for their simplicity and relatively short
time required to produce transgenic plants (T0) without the
callus phase (4-6 months). From surveying the literature on
chickpea transformation, it can be concluded that the average
frequency of Agrobacterium-mediated transformation is 0.1-
5.1%, which is very low compared to model plants such as G.
max and M. truncatula (96 and 80%, respectively) (Iantcheva
et al., 2001; Li et al, 2017). However, with the ICC10943
cultivar and using sonication-assisted, Agrobacterium-mediated
transformation (SAAT) cases of transformation efficiency higher
that 25% have been reported (Bhattacharjee et al., 2010;
Table 4). Therefore a wider utilization of SAAT for chickpea
transformation can be foreseen, which should be nonetheless
tested on several other varieties.

PERSPECTIVES

The strong potential of genetic transformation techniques for
crop improvement is unquestionable. The clustered regularly
interspaced short palindromic repeat (CRISPR)-associated
protein 9 (Cas9) DNA editing system has recently been

developed as a new method for genome engineering. It is
based on the type II CRISPR-associated immune system that
protects bacteria against invading DNA viruses and/or plasmids
(Jinek et al., 2012). Genome editing by CRISPR/Cas9 as well as
other techniques, including zinc finger nucleases (ZFNs) and
transcription activator-like effector nucleases (TALENSs), have
been applied to edit the genome in several plant species (Kim and
Kim, 2014). The successful utilization of CRISPR/Cas9-directed
genome editing in plant species has been reported and also
includes the two relatives, i.e., the legume models G. max and
M. truncatula (Li et al., 2015; Meng et al., 2017). CRISPR/Cas9
gene editing technology is currently revolutionizing genetic
studies and crop improvement because it can be applied with
high-throughput and at genome-scale (Yang et al., 2017). To
our knowledge, no research effort has been made to implement
this system in chickpea. The application of CRISP/Cas9 in
chickpea genome editing will not only provide answers to
basic biological questions but will also reduce public concern
about transgenic plants, owing to its non-GMC nature. In most
cases, Cas9 and guide (g)RNAs are delivered into plant cells by
Agrobacterium-mediated T-DNA transformation or by physical
means, such as PEG-mediated transformation of protoplasts
or biolistic transformation of calluses. In the case of chickpea
and other legumes, this approach could face limitations due
to the difficulties of transformation and regeneration from
callus. An alternative approach that could help to overcome
these limitations is the identification and engineering of plant
viruses as a tool for systemic gene editing in plants. Some
successful examples are already available. Cabbage leaf curl virus,
a geminivirus, is able to deliver gRNA and induce systemic gene
mutations in plants (Yin et al., 2015). An RNA viral vector based
on Tobacco rattle virus (TRV) has been demonstrated to serve
as a vehicle to deliver genome-engineering reagents to all plant
parts, including meristems. This provides a general method for
easily recovering seeds with the desired modifications, obviating
the need for transformation and/or tissue culture (Ali et al.,
2015). More recently a legume virus, the Pea early-browning
virus, has been demonstrated to be more efficient than TRV
for these applications (Ali et al., 2017). An additional challenge
would be the identification of the best DNA or RNA viruses able
to fully infect chickpea to be engineered and used as viral vectors
dedicated to genome editing.

Genome editing of chickpea may help improving specific
characteristics of a crop with limited genetic pool and lack
of resistance sources. An emblematic case would be the
modification of functional SNPs in the SHMT gene (Figure 8)
in order to confer resistance to nematodes or to modify miRNA
target sites in NBS-LRR genes (Figure?7), ensuring the up-
regulation of certain functional R-genes.

Perspectives for the improvement of chickpea should also take
into account the genomic selection approach. It facilitates the
rapid selection of superior genotypes and accelerates the breeding
cycle and it has been applied with a large success in many other
crops (Crossa et al., 2017).

Chickpea cultivations may constitute a reservoir of viral
entities. Indeed, chickpea seems to be a permissive host for
many viruses and viroids, thus ensuring their maintenance in
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TABLE 4 | Genetic transformation studies in chickpea.

Transformation method Cultivar Explant type Transferred genes Transformation frequency = References
%
Agrobacterium-mediated Local ecotype EAX uidA, nptll 4* Fontana et al., 1993
transformation
ICCV1, ICCV6 and desi EAX uidA, nptll e.g., ICCV-6: 1.96 Kar et al., 1996
(local) variety
PG1, PG12, Chafa and EAX uidA, nptll e.g., Turkey < 1.5 Krishnamurthy et al.,
Turkey 2000
H-208, ICCL87322, K-850, EAx uidA, bar 518 Senthil et al., 2004
Annigiri, and ICCV5
Semsen Halved EAx attached to  nptll, bean «Al1 0.72% Sarmah et al., 2004
cotyledon
CDC Yuma EAX uidA, nptll 317 Polowick et al., 2004
C-235, BG-256, Pusa-362  Pre-conditioned CNs cry1Ac, nptll e.g., BG 256: 1.12 Sanyal et al., 2005
and Pusa-372
K-850 EAX a-al, uidA, nptll 0.3 Ignacimuthu and
Prakash, 2006
Sonication-assisted ICC10943 and ICC10386 Decapitated embryo uidA, hpt Il ICC 10943: 26 + 2, ICC Pathak and Hamzah,

Agrobacterium mediated
transformation (SAAT)

ICCV89314

C-235, Annigiri and K-850

C-235

C-235

Semsen, ICCV89314

Pusa-256, KWR-108,
Pusa-1003 and local line
(from market)

Annigeri
P-362

C-2835, BG-256, P-362 and
pP-372

Single cotyledon with
half embryo

Wounded apical dome
of shoot apex

EAX with half portions
of both cotyledons

AMEs

Cotyledon with half EAx
Cotyledon- and
cotyledonary-node-
derived-callus and

EAX

CNs

CNs

Immature cotyledons,
EAX

ASAL, nptll, gusA

uidA, bar

pmi

P5CSF129A, npt I,
uidA

cry2Aa, nptll

uidA, hpt

P5CS, hpt, uidA
cry1Ab, cry1Ac, nptll
uidA, nptll

10386: 24 + 34

0.066+0.003 (mean =+ SE)

2.43

Not mentioned

0.3
e.g., KWR 108: 23.45

Not mentioned
2.77
e.g., P 362: 2.08

2008

Chakraborti et al., 2009

Singh et al., 2009

Patil et al., 2009

Bhatnagar-Mathur
et al., 2009

Acharjee et al., 2010

Bhattacharjee et al.,
2010

Ghanti et al., 2011
Mehrotra et al., 2010
Tripathi et al., 2013

C-235 AMEs DREB1A, nptll Not mentioned Anbazhagan et al.,
2015
DCP-923 EAX fused cry1Ab/Ac, hpt Not mentioned Ganguly et al., 2014
P-362 CNs explants nptll, uidA, modified Not mentioned Yadav et al., 2017
human a1 -Pl, cry1Ab,
crylAc
C-235 AMEs explants uidA, nptll 1.2 Srivastava et al., 2017
Particle bombardment ICCV1, ICCV6 EAX nptll, cry1Ac Not mentioned Kar et al., 1997

P-362, P-1042 and P-1043

Chaffa, PG12, ICCC37 and
ICCC32

Decapitated embryo

EAX, epicotyl and stem

pat, nptll, uidA, AK

nptll, uidA, cry1Ac

Not mentioned

1640.33%

Tewari-Singh et al.,
2004

Indurker et al., 2007

EAx, embryonic axis; AMEs, Axillary meristem explants; CNs, Cotyledonary Nodes; uidA, B-Glucuronidase, commonly referred to as the gus gene; nptll, neomycin phospho transferase
Il; bar, Basta (bialaphos) resistance; «Al1, bean-a amylase inhibitor 1; pat, phosphinothricin-acetyltransferase; AK aspartate kinase; cry1Ac, insecticidal crystal toxins 1Ac; a-ai, a-
amylase inhibitor; ASAL, Allium sativum leaf agglutinin; gusA, B-Glucuronidase; pmi, phosphomannose isomerase; PsCSF129A, D1- pyrroline-5-carboxylate synthetase F1o9A; cry2Aa,
insecticidal crystal toxins 2Aa; hpt, hygromycin phosphotransferase; P5CS, pyrroline-5-carboxylate; DREB1A, dehydration response element B1A; «1-Pl, modified human Alpha-1-
proteinase inhibitor. *Number of whole plants transformed/initial number of embryos; SNumber of confirmed independent lines/number of initial seeds; %18 independently derived
transgenic plants obtained from a total of 2,500 explants (explant that consisted of one cotyledon attached to half embryonic axis); "7 separate experiments with the use of shoot
elongation media (MS); 4 Obtained by dividing [100 times the number of confirmed transformed plants of independent lines (both PCR and Southern blot positive)] by the number of
treated explants;£Epicotyl, average of three experiments with 150 explants each.
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agro-ecosystems: most of the hosted viruses are symptomless
in chickpea, but pathogenic for other plant species. Viral
metagenomics is currently the tool most indicated for surveys
of virus-infected plants. In addition, metagenomics approaches
can help to discover novel infectious entities and microbes either
hosted by or associated to chickpea. This could help scientists
better identify and describe the multi-trophic interactions
that may influence nematode reproduction or plant-rhizobia
interactions.

To modulate plant PPNs, several transgenic strategies
have been used, such as (i) cloning of resistance genes
from natural resources and transfer to other plant species;
(ii) overexpression of different protease inhibitors; and (iii)
suppression of nematode effectors in plants using RNAi (Ali
et al, 2017). RNAi (Rosso et al, 2009; Banerjee et al., 2017)
is worth exploring more in depth, particularly RNAi-based
technology combined with peptide expression which disrupt
nematode sensory activities (Fosu-Nyarko and Jones, 2015).
Moreover, a number of CRISPR/Cas9 genome-editing protocols
have been established in Caenorhabditis elegans (Friedland et al.,
2013; Zamanian and Andersen, 2016). Genome manipulation
with novel developments in this model organism, research,
and advances in parasite genomics could open new doors to
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Pseudomonas syringae pv. actinidiae (Psa) biovar 3 caused pandemic bacterial canker
of Actinidia chinensis and Actinidia deliciosa since 2008. In Europe, the disease spread
rapidly in the kiwifruit cultivation areas from a single introduction. In this study, we
investigated the genomic diversity of Psa biovar 3 strains during the primary clonal
expansion in Europe using single molecule real-time (SMRT), llumina and Sanger
sequencing technologies. We recorded evidences of frequent mobilization and loss
of transposon Tn6212, large chromosome inversions, and ectopic integration of IS
sequences (remarkably ISPsy31, ISPsy36, and ISPsy37). While no phenotype change
associated with Tn6212 mobilization could be detected, strains CRAFRU 12.29 and
CRAFRU 12.50 did not elicit the hypersensitivity response (HR) on tobacco and eggplant
leaves and were limited in their growth in kiwifruit leaves due to insertion of ISPsy31
and ISPsy36 in the hrpS and hrpR genes, respectively, interrupting the hrp cluster.
Both strains had been isolated from symptomatic plants, suggesting coexistence of
variant strains with reduced virulence together with virulent strains in mixed populations.
The structural differences caused by rearrangements of self-genetic elements within
European and New Zealand strains were comparable in number and type to those
occurring among the European strains, in contrast with the significant difference in terms
of nucleotide polymorphisms. We hypothesize a relaxation, during clonal expansion, of
the selection limiting the accumulation of deleterious mutations associated with genome
structural variation due to transposition of mobile elements. This consideration may be
relevant when evaluating strategies to be adopted for epidemics management.

Keywords: bacterial canker, genomic diversity, hypersensitivity response (HR), lllumina technology, single
molecule real-time (SMRT) sequencing

INTRODUCTION

Pseudomonas syringae pv. actinidiae (Psa) is the causal agent of bacterial canker of green-fleshed
(Actinidia deliciosa) and yellow-fleshed kiwifruit (Actinidia chinensis) (Scortichini et al., 2012). The
pathogen was first isolated in Japan (Takikawa et al., 1989), where the disease was reported since
1984 and, subsequently, in Italy (Scortichini, 1994) and South Korea (Koh et al., 1994). In the years
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2008-2011, sudden and repeated epidemics of bacterial canker
developed firstly in central Italy (Balestra et al., 2009; Ferrante
and Scortichini, 2009, 2010), and, subsequently, in all the
other major areas of kiwifruit cultivation such as New Zealand
(Everett et al, 2011), and Chile (EPPO, 2016). In Europe,
the epidemics spread to Portugal, France, Spain, Switzerland,
Germany, Slovenia and Greece (Abelleira et al., 2011; Dreo et al.,
2014; Cunty et al., 2015b; Holeva et al., 2015; EPPO, 2016).

Genomic and genetic analyses have soon revealed that the Psa
strains causing the 2008-2011 epidemics differed significantly
from those previously found in Italy (Marcelletti et al., 2011)
and that the first outbreaks of kiwifruit bacterial canker in
Italy (Ferrante et al.,, 2015) were caused by a rapid and clonal
expansion of the pathogen in the cultivated areas (Marcelletti
and Scortichini, 2011). Then, the availability of strains isolated in
China, the area of origin of many Actinidia spp., and the intensive
use of Illumina sequencing of bacterial genomes (Mazzaglia et al.,
2012; Butler et al., 2013; McCann et al., 2013, 2017) and VNTR
analysis (Cesbron et al., 2015; Ciarroni et al., 2015; Cunty et al.,
2015a) paved the way to the understanding of the epidemiology
of this important disease.

At present, Psa is subdivided into four biovars, three of
which with distinct phylogeographic structure. Strains belonging
to biovar 1 produce phaseolotoxin and have been isolated
in Japan and Italy before 2008. Strains of biovar 2 produce
coronatine instead of phaseolotoxin and have been isolated only
in South Korea. Strains belonging to biovar 3 produce neither
phaseolotoxin nor coronatine and are responsible for the global
outbreak of bacterial canker of kiwifruit in recent years. Strains
of biovar 5 are found only in a limited local area of Japan (Saga
Prefecture), they do not produce phaseolotoxin nor coronatine
and are distinct but related to biovar 2 (Fujikawa and Sawada,
2016). A fifth clade, initially identified as Psa biovar 4, has been
recently described as a new pathovar, P.s. pv. actinidifoliorum
(Cunty et al., 2015b; Ferrante and Scortichini, 2015). Genome
analysis performed so far is consistent with the hypothesis
that all Psa biovars originated from a single natural source
population and established subsequent outbreaks on cultivated
kiwifruit. McCann et al. (2013) highlighted the overall clonal
population structure with signatures of within-pathovar, intra-
biovar recombination.

Psa biovar 3 is distinct from other biovars for the virulence
and the sudden world-wide epidemic spread, that has unveiled
major weakness of our kiwifruit cultivation system, while calling
for efforts in the clarification of its dynamics in view of future
prevention. Several genome-wide diversity studies revealed that
epidemics in Europe, New Zealand and Chile of Psa biovar 3
originated from independent introductions of a single founder
variant from China (Mazzaglia et al.,, 2012; Butler et al., 2013;
McCann et al., 2013) which, however, is not deemed the center
of origin of the biovar 3 (McCann et al,, 2017).

In this work, we examined a sampling of the Psa population
that originated in Europe from the putative single introduction
that occurred in 2008. Through the analysis of Illumina sequence
data-sets of 11 European and one non-European Psa genomes,
and through the reconstruction and comparison of two complete
genomes, a picture emerged that accounts for the significant

differences in the modes of genome evolution of this bacterium
before and after the clonal expansion associated with the
pandemic. DNA mobilization due to transposable elements was
a major cause of structural differences and, at least in one case,
resulted in the disruption of genes relevant in pathogen-host
interaction, with an effective reduction of strain virulence on
kiwifruit.

MATERIALS AND METHODS

Strains and Sequencing
The strains investigated in this work and their genome data
accessions are listed in Table 1.

Genomic DNA was extracted from 1 ml of 24 h old cultures
grown in Nutrient Broth with agitation using a Wizard DNA
purification kit (Promega Italia, Padova, Italy) following the
manufacturer’s instructions. DNA was measured and checked
for quality using a NanoDrop spectrophotometer (NanoDrop
products, Wilmington, DE, USA). Illumina libraries were
prepared as described previously (Scortichini et al., 2013) and
sent to the Istituto di Genomica Applicata (Udine, Italy) for
sequencing on an Illumina Genome Analyser IIx (Illumina,
USA). An average of 14 million single (50 nts) reads were
obtained, filtered for quality using Prinseq (Schmieder and
Edwards, 2011) and further processed. The sequence reads
of strain 7286, obtained by Mazzaglia et al. (2012) were
downloaded from the Sequence Read Archive (SRA accession
SRX105337; https://www.ncbi.nlm.nih.gov/sra). The complete
genome sequence of strain ICMP ICMP 18884 (Templeton et al.,
2015) and ICMP 18708 (yet unpublished but made available by
Poulter, R. T. M., Poulter, G. T. M., Stockwell, P. A., Lamont, L
L. and Butler, M. 1.) were obtained from the NCBI nucleotide
database and used as comparative reference for non-European
strain.

Genomic DNA extracted from strains CRAFRU 12.29 and
CRAFRU 14.08 was also sent for single molecule real-time
(SMRT) sequencing to the University of Washington PacBio
Sequencing Services. The genomes were then finished with
Sanger sequencing using a primer walking approach on PCR
fragments amplified from putatively adjacent contig ends, as
resulted by scaffolding using ICMP 18708 as a reference;
fragments were sent for sequencing to Genelab, Casaccia, Italy.
Sequences were edited and manipulated using Seaview (Gouy
etal.,, 2010) and Ugene (Okonechnikov et al., 2012).

Sequence Analysis

Preliminary read alignments and alignment manipulation were
carried out using widely used tools such as BWA 0.5.5 (Li and
Durbin, 2009), SAMtools 0.1.16 (Li et al., 2009) and PICARD
tools (http://picard.sourceforge.net). SNP calling was carried out
with the GATK package (McKenna et al., 2010); SNPs call was
supported by a depth of coverage of at least 5 and a consensus
of at least 95% of the aligned reads. Briefly, reads of each
strain were preprocessed for quality using SGA [1], aligned on
either CRAFRU 14.08 or ICMP 18884 chromosomes using BWA,
indexed, sorted and reformatted using SAMtools, organized
into reads-groups by PICARD tools; the resulting sam file was
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processed by GATK, and the output VCFs read by a bash script
that checked each SNP for support and organized the results in a
table for manual examination. Tablet (Milne et al., 2010) was used
for the visualization of the alignments.

The genome assemblies for SMRT sequencing data were
first generated using the hierarchical genome-assembly process
(HGAP) [2], then Illumina reads were mapped and searched
as described above for SNPs to identify incongruences; the
alignments were then inspected with Tablet. For the genome of
CRAFRU 14.08, the 4 gaps remaining were closed by Sanger
sequencing using a primer walking approach. Once completed,
the genomes were aligned with Mauve (Darling et al., 2004) and
MUMmer (Delcher et al., 2002). The insertion thus identified
were exported and annotated using Blast, the ISFinder database
(Siguier et al.,, 2006), and the annotation service of Insertion
Sequences (IS) provided by the ISsaga (Insertion Sequence semi-
automatic genome annotation) engine (Varani et al., 2011).

Reads of several strains were aligned to the complete genome
as described and visualized with IGV (Robinson et al., 2011),
allowing the visual comparison of mapped reads densities. On
the basis of the information gained by visual inspection, specific
regions were selected for targeted assembly, that was carried out
with Mapsembler2 ver. 2.2.4 (Peterlongo and Chikhi, 2011).

For reference based assemblies of relatively small DNA regions
such as PAC_ICE?2, and for the assembly of unmapped reads for
gene discovery, the Illumina reads of the 12 European strains
were processed with Edena (Hernandez et al., 2008). From the
same datasets, full genomes were drafted with SPAdes (Bankevich
etal., 2012) and scaffolded with Ragout (Kolmogorov et al., 2014)
having the complete genome of CRAFRU 14.08 as a reference.
Using Mauve and MUMmer the drafts were aligned to complete
genomes, visualized and the polymorphic regions exported.
Mobile elements and repeats were identified with Juxtaposer
[3], the ISsaga engine, and the Tandem Repeats Finder program
(http://tandem.bu.edu).

Structural variations were also searched using the split-
read, (ie., chimeric read) approach [4] with the aid of
the program bbduck of the suite BBMap (Bushnell B. -
sourceforge.net/projects/bbmap/).

The above listed tools were integrated with several ad-hoc Perl
scripts into Bash scripts and run on Linux instances launched on
the infrastructures of the DIAG (http://www.igs.umaryland.edu/
resources/irc/) and CyVerse (Merchant et al., 2016) projects.

Plantlet Inoculations

To investigate whether or not Psa strains were impaired in
their within plant colonization capabilities, micropropagated
kiwifruit plantlets A. chinensis (cv. Soreli) at the stage of 6 leaves,
provided by Azienda Agricola Fanna Giampaolo (Moimacco,
Italy) were used for plantlet inoculation. Bacterial strains grown
for 24h in Nutrient Broth with agitation were washed twice
and resuspended in 0.9% saline solution in concentration of
1-2 x 10° CFU/ml. Plantlets were cut from callus, dipped
in the inoculum and transferred to a fresh medium. Control
plants were dipped in sterile saline. Plantlets were inoculated
in five repetitions per experiment. After 10 days the plantlets
were collected, cut into two halves (about 3 cm from inoculation

point), and DNA was extracted from each subsample according
to standard protocols (Doyle and Doyle, 1990). The bacterial
populations were quantified by qPCR according to published
protocol (Gallelli et al., 2014). For statistical analysis, carried out
with R (R Core Team, 2013), the median of three PCR reactions
was used.

Leaf Inoculations

To compare the capability of strains to induce disease symptoms
and to determine their growth in planta, Actinidia chinensis
(cv. Dori®) leaves were inoculated with the method described
previously (Marcelletti et al., 2011). Leaf areas of approximately
1 cm in diameter were inoculated at the concentrations of 1-2
x 10® CFU/ml. For each experiment, 10 leaves were inoculated
in four sites. Control plants were treated using solely sterile
0.85% NaCl. Two, 6, 15, and 22 days after inoculation, 10 leaf
disks of about 0.5cm of diameter were sampled and ground in
1 ml of sterile saline, then serial ten-fold dilutions were counted
by colony growth onto nutrient agar supplemented with 3% of
sucrose (NSA).

Hypersensitive responses were tested by infiltrating aqueous
bacterial suspensions at 1-2 x 10% CFU/ml on fully expanded
tobacco and eggplant leaves using a needless syringe. The
development of typical hypersensitivity response was checked
within 48 h after infiltration. Assays were repeated three times.

Other Wet Lab Methods

To determine the excised/integrated state of Tn6212, primers
(Table S1) were designed on the inner and outer borders of
the transposon. PCRs with primer pairs fX1/rX2; fX1/rX4, and
tX3/rX4 were performed with the automated One Advanced
thermocycler (EuroClone, Celbio, Milan, Italy) in 25 pl reactions
containing 200 WM of each of the four dNTPs, 0.4pM of
each primer, 1.5 mM MgCIl2, 0.625 units of GoTaq Flexi DNA
Polymerase (Promega, Madison, WI, USA) and 1 pl of diluted
bacterial DNA (5 ng/pl). The PCR program consisted of initial
denaturation for 2 min at 94°C; 35 cycles of 1 min at 94°C, 45s at
58°C, 1 min at 72°C; and a final extension for 8 min at 72°C.
PCR products were separated by electrophoresis in a 1%
agarose gel, stained with ethidium bromide, and captured with a
DigiDoc-It imaging system (UVP, Cambridge, United Kingdom).

RESULTS AND DISCUSSION

Differential Hypersensitive Response (HR)
of Psa CRAFRU 12.29 and CRAFRU 12.50
Is due to Insertional Inactivation of the hrp

Gene Cluster

Psa biovar 3 strains isolated in different regions of Europe
were investigated to assess their phytopathogenic and genomic
diversity. While most strains, as expected, induced HR in
eggplant and tobacco leaves when infiltrated at concentrations
of 1-2 x 10® CFU/ml, strains CRAFRU 12.50 and CRAFRU
12.29 failed in eliciting HR (not shown). Strains CRAFRU 12.50
and CRAFRU 12.29 were also compared with the reference
strain CRAFRU 8.43 for their ability to colonize A. chinensis
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leaves. Visual observations clearly revealed differences between
CRAFRU 8.43 (HR+), that caused leaf spots, on one hand, and
CRAFRU 12.29 (HR-) and CRAFRU 12.50 (HR-), on the other,
that failed in inciting foliar symptoms. The estimate of bacterial
concentration in leaves in the 22 days after inoculation, reported
in Figure 1, showed that the population sizes of strain CRAFRU
12.29 and CRAFRU 12.50 did not increase during the assay time,
while those of the virulent strain CRAFRU 8.43 peaked up to
100 times the inoculum. Thus, although the bacterial populations
of HR- strains did not increase as much as the wild type, the
bacteria remained detectable after 22 days. Further experiments
carried out on micropropagated plantlets inoculated by dipping,
revealed that the CRAFRU 12.29 cells move within the stem and
were detectable by PCR in the stem segments above the point of
inoculation 10 days after the dipping (results not shown).

In a preliminary SNPs analysis, based on Illumina sequencing
data, only one nucleotide difference could be detected between
the HR- strain CRAFRU 12.29 and the HR+ strain CRAFRU
14.08.

Hence, the genome sequences of strains CRAFRU 14.08 and
CRAFRU 12.29 were completed by SMRT (Single Molecule,
Real Time) and Sanger sequencing. The resulting finished
chromosomes, as shown in the alignment of Figure 2, differ for
several structural features.

First of all, CRAFRU 14.08 displays a large inversion of about
half of the chromosome (3,637,997 nts) as compared to CRAFRU
12.29. The inversion occurred by recombination of the two
identical copies of the gene encoding an integrating conjugative
element protein of the PFL_4705 family, that are located, together
with some other complete and incomplete copies, at position
1850000-1858000 and 5488000-5500000 in the chromosome of
CRAFRU 12.29. Chromosome inversions have been reported
to affect gene expression and occasionally the phenotype (Cui
etal., 2012). However, whether or not the large genome inversion
in CRAFRU 14.08 is associated with phenotype could not be
determined in the present study.

The second major difference in strain CRAFRU 12.29
concerns a 1,700 bp integrative sequence, encoding an integrase
and an IS3/IS911 transposase. This small integrative unit was
inserted in the hrpS gene, within a transcriptional unit that spans
several components of the type III secretion system, including
the gene encoding harpin, hrpZ (Figure 3). Since, according to
annotation and Blast searches, there are no other copies of hrpZ
in the genome of Psa CRAFRU 12.29, the lack of expression of
hrpZ may conceivably be the reason for the reduced virulence on
kiwifruit and inability to elicit HR on eggplant and tobacco leaves.
The phenotype is indeed reminiscent of previously characterized
hrpZ deletion mutants (He et al., 1993).

The mobilization of IS3/IS911 elements has been already
reported by Butler et al. (2013), who found that in the comparison
of Pac_ICEl from four New Zealand strains (ICMP 18708,
ICMP18800, TPI1, and 6.1) the presence of an IS element of
the type IS3/IS911 in strain 6.1 was the only difference. They
designated this small transposable element ISPsy31 at the IS
Finder database (Siguier et al, 2006) and we will follow this
nomenclature. As remarked by Butler et al. (2013), ISPsy31
is predicted to have two, partially overlapping reading frames

associated with a 21 frame shift (the typical pattern found
in IS3/IS911 type elements). Hence, although ISPsy31 encodes
no functions other than those involved in its mobility, it
may significantly impact the behavior of the pathogen in its
interaction with the host.

There are many copies of ISPsy31 in the Psa genome. In strain
CRAFRU 12.29 we counted 52 complete and five incomplete
copies in the chromosome, and two complete copies in the
plasmid. With the notable exception of the one interrupting hrpS,
all other ISPsy31 copies are in corresponding positions in the
chromosomes of strains CRAFRU 12.29 and CRAFRU 14.08.

On the other hand, strain CRAFRU 14.08 genome displays
(position 5223542-5224799) the insertion of another IS element
of the IS3/IS911 family, related to but well distinct from ISPsy31,
and designated as ISPsy37 at the ISFinder database (Siguier et al.,
2006). There are two copies of this transposon in CRAFRU 14.08,
and only a single occurrence in CRAFRU 12.29.

Finally, one variation associated with variable number tandem
repeats (VNTR) was also scored at positions 2787533-2786633
in CRAFRU 14.08, in additions to two unique SNPs (see below).
Differences between the chromosomes of CRAFRU 14.08 and
CRAFRU 12.29 are summarized in Table S2.

The finding that a small transposon insertion caused the
loss of the ability to elicit the HR response in CRAFRU 12.29
prompted us to investigate whether or not the phenotype of
the second HR- strain, CRAFRU 12.50, was associated to the
same genomic event. To this end, we comparatively analyzed the
ILLUMINA data-sets for discrepancies in reads coverage between
the HR- and HR+ strains. Read coverage for the genome of the
HR- strain CRAFRU 12.50 was similar to all HR+ strains in the
locus of insertion of ISPsy31 in CRAFRU 12.29, but was markedly
different from any other genome in a locus 1,273 nts upstream
(Figure S1). Sorting the CRAFRU 12.50 reads using Mapsembler
(Peterlongo and Chikhi, 2011) with sequence starters located
on both sides of this locus (corresponding to position 1,473,520
in CRAFRU) we could extend the left side starter by 24 nts
upstream and the right starter by 25 nts downstream, revealing
the boundaries of a transposon tentatively identified as a copy of
ISPsy36, inserted in the hrpR gene (Figure 3B).

Structural Diversity in the Chromosomes of

the European Population of Psa Biovar 3

The availability of finished genomes of European Psa strains
allowed to precisely map SNPs in additional 10 genomes
(Table 1) of strains isolated in Europe, using Illumina data, as
summarized in Table2 (to help following the results in this
and the following sections, a tree based on distance among
genomes of the Psa strains as deduced from SNPs and including
all strains mentioned in this work has been included as Figure
S2). According to SNP analysis, a single difference between the
chromosomes of strains CRAFRU 14.08 and CRAFRU 12.29 was
scored, at position 39328331 in CRAFRU 14.08. Comparison
of the two finished chromosome sequences using MUMmer
(Delcher et al.,, 2002) revealed an additional SNP at position
2736260; that position corresponds to a transposase gene that
is present in several copies in the genome and therefore was
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FIGURE 1 | (A) Symptoms on kiwifruit leaves 2 and 15 days post inoculation (dpi) with CRA-FRU 8.43, CRA-FRU 12.29, and CRA-FRU 12.50. (B) Population
dynamics of Psa strains CRAFRU 8.43 (HR+), CRAFRU 12.29 (HR-), and CRAFRU12.50 (HR-) after inoculation of kiwifruit leaves.
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FIGURE 2 | Mauve alignment of the chromosomes of strains CRAFRU 14.08, CRAFRU 12.29, and ICMP 18708.

not detectable by read mapping (Table S2). In summary, the
SNP comparison of the 12 European Psa genomes revealed that
they differ from each other in 0 to 8 sites, on a total of 19
polymorphisms detected.

The SNP analysis reported here supports the assertion of
Butler et al. (2013) that the clonal populations in New Zealand
and Chile are undergoing divergence, but as yet the frequency
of idiosyncratic SNPs is less than one per Mb. A similar rate
was determined in this work for European strains, as it was also
anticipated by Mazzaglia et al. (2012). However, these figures
are significantly lower than those reported by McCann et al.

(2013) who identified 28-70 polymorphisms among the four
Italian strains included in their study. The explanation of this
inconsistency may lay in the fact that for three out of the
four strains compared by those Authors, they used the data
from de novo draft assemblies deposited in the database by
Marecelletti (Marcelletti et al., 2011), Butler (Butler et al., 2013),
and Mazzaglia (Mazzaglia et al., 2012), respectively, and de novo
assembly is much more error prone than the conservative read
mapping method used in this work (Trivedi et al., 2014).
Mazzaglia et al. (2012) identified the presence, in the
chromosome of Psa, of a divergent genomic island ~100kb
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FIGURE 3 | Drawing of part of the hrp cluster of Psa, with the location of the insertion of (A) ISPsy31 in strain CRAFRU 12.29 and (B) ISPsy36 in strain CRAFRU 12.50.

TABLE 2 | SNPs identified among the strains used in this work by lllumina reads mapping. Position relative to the chromosome of CRAFRU 14.08.

Strain Position
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long, similar to PPHGI-1, an integrative conjugative elements
(ICE) described earlier in P. syringae pv. phaseolicola (Pitman
et al., 2005), and also similar to PsyrGI-6, an ICE of P. syringae
pv. syringae B728a (Feil et al., 2005). The genomic island was
analyzed in more detail by Butler et al. (2013), who named
Pac_ICE2 the type shared by European strains of Psa (in contrast
with Pac_ICE1, for New Zealand strains, Pac_ICE3, for Chilean).

Butler et al. (2013) reported that the islands in ICMP
18708 (New Zealand), ICMP 18744 (Italy) and ICMP 19455

(Chile) were broadly syntenic, although the sequences
shared by the ICEs were significantly divergent (~85%
identical). Two regions with high conservation were detected,
corresponding to transposons named Tn6211 and Tn6212.
While Tn6211 occupy distinct positions in each of the three
ICE types, the second conserved region (bases 55201-71516
in Pac_ICEl from ICMP 18708), designated Tn6212 and
almost identical in all ICEs, was syntenic in the three ICE

types.
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Mapping of Illumina reads examined in this work revealed two
distinct types of Pac_ICE2 among the 12 European Psa genomes.
The IMlumina reads from five strains (namely CRAFRU 12.50,
CRAFRU 12.29, CRAFRU 14.21, CRAFRU 14.08, and CRAFRU
13.27) did not cover the about 16.3 kbp of Tn6212 (Figure 4).
“Split reads” containing Tn6212 flanking sequences were also
found suggesting that the transposon was excised.

PCR carried out with primers placed on the borders of Tn6212
(Figure 4) provided confirmation of the excision and loss of
Tn6212 in the named five strains: with their DNA extracts as
templates, both the PCRs with primers located on left end of
Tn6212 and flanking region, and the PCRs with primers located
on right end of Tn6212 and flanking region, failed to amplify
a DNA fragment of the expected size. Conversely, PCRs with
primers specific for the left and right flanking regions amplified a
DNA fragment that was 686 bp in length, i.e., lacking the Tn6212
sequence. Unexpectedly, the DNA samples from the other strains
were positive not only to PCRs designed to amplify the ends of
Tn6212 and flanking regions, but also primed amplification of
the 686 bp DNA fragment with primers specific for the left and
right flanking regions.

Since the DNA samples were prepared from 24h old liquid
cultures started from single colonies, we hypothesize that Tn6212
may occur with high frequency in vitro, so that at the time of
DNA extraction the sample contained a mixture of genomes
with and without Tn6212 integration. A similar hypothesis may
explain the incongruity of the results concerning strain CRAFRU
14.25, that showed reads coverage of the Tn6212 region but no
amplification products with primers located on its ends. Since
the sequencing was carried out more than 1 year before PCRs,
we hypothesize that subculturing ultimately selected genomes
missing Tn6212.

The evidence of optional and frequent excision of Tn6212
raised the question of its potential role in the interaction with the

plant host, that could warrant its maintenance in the pathogen
population over time and its detection in fresh strains.

Tn6212 has been reported to be the Psa specific part that
distinguished ICEs of Psa and Ps. syringae pv. phaseolicola (Psp).
McCann et al. (2013) pointed out the presence within the Tn6212
region of genes that may be implicated in the interaction with
the plant host, such as those encoding a predicted enolase and
various transporters, including an ortholog of DctT (a putative
di- carboxylic acid transporter with N-terminus predicted to be
targeted to the Type III Secretion System) and a methyl-accepting
chemotaxis protein predicted to be involved in taxis toward
malate.

In an attempt to detect differences in virulence and within-
plant colonization of strains, we inoculated plantlets with strain
CRAFRU 8.43 and CRAFRU 14.08 and, after 10 days incubation,
estimated by qPCR the bacterial population in the point of
inoculation (“bottom” in Figure 5) and in the stem segment 3 cm
above (“Top” in Figure 5). Although the bacterial cell number
estimated of CRAFRU 8.43 were higher, the detected difference
was not statistically significant.

The optional excision of Tn6212 is the only significant
variation in ICE2 among the 12 genomes examined. In fact, ICE2
resulted identical in all strains except for a single polymorphism
in strain CRAFRU 10.29 at position 51525.

Furthermore, we examined the results of Illumina re-
sequencing of all Psa strains with the aim of discovering new
genes possibly acquired during clonal expansion. Following reads
mapping on the complete genome of strain CRAFRU 12.29, we
selected and assembled the Illumina reads that were not mapped.
After filtering for Tn6212 (missing in the reference) sequences,
we obtained in total 175 contigs for a total of 105,000 nts.
The encoded amino acids sequences whose function could be
recognized according to RAST annotation were exclusively phage
associated proteins (Table S4). Hence, we could find no evidence

12.29
12.50
12.54
13.27
14.08
14.21
12.64
14.10
14.25
10.29

regions. The numbers indicate the CRAFRU strains.

FIGURE 4 | Evidence of integration/excision of Tn6212. (Left) Agarose gels of PCR amplification products with (A) primers fX1/rX4 (686 bp) that amplify the
chromosome region resulting from excision, (B) primers fX3/rX4 (739 bp) that amplify the downstream transposon junction, and (C) primers fX1/rX2 (933 bp) that
amplify the upstream transposon junction, as indicated in the top scheme of PCR primers positions. (Right) Density of reads mapping on Tn6212 and flanking
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FIGURE 5 | Boxplot of the estimated bacterial population in the upper (Top)
and lower (Bottom) part of the stem 10 days after inoculation with strains
CRAFRU 8.43 and CRAFRU 14.08.

of gene gain in our sample of 12 European genomes, reveling a
picture divergent from that described by Colombi et al. (2017)
who showed the acquisition by strains isolated in New Zealand
of exogenous integrative conjugative elements carrying copper
resistance genes during clonal expansion.

To confirm that genome diversity in the European strains
is mostly due to rearrangement of self-genetic elements, the
Mlumina dataset was used to investigate structural changes in
the chromosomes of the collections of 10 European strains, with
different approaches.

We mapped the Illumina reads from all strains on both the
CRAFRU 12.29 and CRAFRU 14.08 chromosomes and visualized
the alignments in the regions covering the structural changes that
differentiate those chromosomes among themselves. As a result,
we found that the ISPsy31 insertion in CRAFRU 12.29, as well as
the ISPsy37 insertion and the large inversion in CRAFRU 14.08,
and the ISPsy36 insertion in CRAFRU 12.50 were unique in the
respective strain chromosomes and not shared by any other of
the remaining European strains. We therefore focused on the
detection of specific structural changes in the chromosomes of
the other strains.

To this end, we prepared an inventory of the mobile elements
that can be detected in the two complete chromosomes
of European Psa, CRAFRU 1229 and CRAFRU 14.08
(Figure S3), then mapped their ends on the assemblies of
other strains to detect traces of transposon mobilization.
By using this approach, we found contigs ending with
sequences associated with mobile element borders that were
not present in the reference chromosome. In particular,
we found IS3 related sequences in unique positions in
CRAFRU 12.64 and CRA 8.43, and an IS3 related sequence
present in the same position in both CRAFRU 13.27 and
CRAFRU 10.29.

The assemblies were also scaffolded using CRAFRU 12.29
genome as a reference and visualized, allowing the detection of an
inversion around position 5508000 (CRAFRU 12.29 numbering)
in strain CRAFRU 8.43.

Comparison of Chromosomes of European

vs. New Zealand Psa Biovar 3 Strains

The comparison of the European strain CRAFRU 12.29 and the
two complete genomes of New Zealand strains that were available
from NCBI in October 2016, i.e., strains ICMP 18708 and
ICMP 18884, showed substantial synteny of the chromosomes
(Figure 2).

As previously noticed the sequences diverged largely in the
ICE region, while divergence was much less in the rest of the
genome. As it has already been reported for other strains (Butler
et al,, 2013) the ICE is inserted in a different lysine tRNA site in
the genomes of European Psa strain CRAFRU 12.29 and in the
New Zealand strain ICMP 18708/18884.

Excluding the ICE region, the chromosomes of the two New
Zealand strains were identical to each other except for seven SNPs
(including single nucleotide indels), according to the results of
direct comparison using MUMmer (Delcher et al.,, 2002) and
Mauve (Darling et al., 2004). Two of the indels occurred in
homopolymer stretches and were not confirmed by our Illumina
sequencing and reads mapping of strain ICMP 18884. Thus,
the number of single nucleotide variations between the two
New Zealand strains were similar to that occurring among the
European strains. Conversely, 27 SNPs (including indels) and
three sequence variations affecting multiple nucleotides were
detected between the European Psa strain CRAFRU 12.29 and
the New Zealand strain ICMP 18884 in the remaining (after
exclusion of ICE) about 6 Mb of the chromosome (pos 1-5410820
and 5511674-6555571, strain ICMP 18708 numbering). This
finding is in substantial agreement with the hypothesis that Psa
strains originating the epidemics in Chile, New Zealand and
Europe were independently invaded by Pac_ICE1/3, supporting
the notion that this ICE may contain genetic elements that
significantly affect the virulence of the pathogen.

In addition to SNPs, several genome rearrangement events
distinguished the genome of the European Psa strain CRAFRU
12.29 and the New Zealand strains ICMP 18708/18884, as
presented in Table S3. Major events include the insertion
of a copy of a mobile selfish genetic element of the group
named bacterial group II intron reverse transcriptase/maturase
in CRAFRU 12.29 at positions 1023375-1025252. Proteins in this
group have an N-terminal reverse transcriptase (RNA-directed
DNA polymerase) domain (pfam00078) followed by an RNA-
binding maturase domain (pfam08388). This mobile element is
present in 14 copies in CRAFRU 12.29 and 13 copies in ICMP
18708/18884 genomes.

On the other hand, ICMP 18708 and ICMP 18884 are
characterized by a similar event, the insertion of another
distinct bacterial group II intron reverse transcriptase/maturase
starting at position 5715260 and ending at position 5717133.
Also this transcriptase/maturase is present in several identical
copies in the Psa genomes, namely 14 copies in ICMP 18708
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and 13 copies in CRAFRU 12.29, respectively. There are,
in total, 54 protein annotated as bacterial group II intron
reverse transcriptase/maturase in each of the two genomes
in comparison. Another major difference between the two
genomes concerns an insertion of two transposase genes at
positions 3287490-3288700 in a DNA region that includes
sequences encoding IS630 transposases, a phage invertase and
related proteins that are associated with a 316kb inversion in
ICMP 18708/18884. Another IS630 insertion that is specific
of ICMP 18708/18884 occurs in those genomes at position
6522179-6523356 (ICMP 18708 numbering). In ICMP
18708/18884 there are 61 complete and five incomplete
IS630 transposases, while CRAFRU 12.29 displayed 59
complete and five incomplete copies of this gene. Two
minor variations associated with repeats of variable lengths
were also scored, one of which corresponding to the same
repeat region that differentiated CRAFRU 14.08 from CRAFRU
12.29.

CONCLUSIONS

Mobile DNA elements contribute to bacterial evolution, as their
ability to mobilize themselves and unrelated DNA in their
proximity can lead to genome rearrangements that affect the
microorganism phenotype (Bardaji et al., 2011). Their role in
improving fitness and, potentially, pathogenicity and virulence
of phytopathogenic bacteria is well established (Jackson et al.,
2011). Many studies stressed the role of mobile DNA dependent
gene gain in pathogen populations during epidemics, leading
to the differentiation and development of more adapted clones
(Holden et al., 2009; Mutreja et al., 2011; Santagati et al., 2012;
Petrovska et al., 2016). Psa biovar 3 represents a relevant example
of such a process, considering the primary role of mobile DNA
mediated horizontal genetic transfer (particularly the gain of
ICE) in its emergence as a pandemic pathogen of kiwifruit,
according to several studies (Marcelletti et al., 2011; Butler et al.,
2013; McCann et al., 2013, 2017).

However, Mobile DNA-induced mutations are often
deleterious (Wu et al., 2015), and transposable elements have
been regarded as a sort of genomic disease (Wagner, 2009). Loss
of fitness due to the accumulation of deleterious mutations has
been reported for small, obligate asexual populations, as these are
incapable of reconstituting highly fit genotypes by recombination
or back mutation (Lynch et al., 1993; Moran, 1996).

According to the results of a pangenomic study by Bolotin and
Hershberg (2015), while non-clonal species diversify through a
combination of changes to gene sequences (gene loss and gene
gain), gene loss completely dominates as a source of genetic
variation among clonal species, for which it needs to be taken
into account as a potential dominant source of phenotypic
variation. In the case of Psa biovar 3, we report here a relevant
number (considering the small sample) of transposon mediated
structural variations, occasionally impairing relevant phenotypic
aspects of the interaction with the host, as occurred in the
genome of strains CRAFRU 12.29 and CRAFRU 12.50 where a
ISPsy31 insertion in the hrpS gene and a ISPsy36 insertion in

the hrpR gene, respectively, disrupted the functionality of the
TTSS. In all cases, structural variations implied rearrangement
of self-genetic elements and not incorporation of external
DNA.

There is a growing body of evidence supporting the hypothesis
of two phases in the recent evolution of Psa biovar 3, with
a landmark in the initiation of the worldwide pandemic in
2008. The SNP based comparisons (this work, McCann et al.,
2017), as well as the evidence of independent invasions of ICE
(Butler et al., 2013), suggest the preservation of within biovar
diversity in the natural environment of the region of origin and
during initial spread in China, before pandemic initiation. In
this phase, acquisition of exogenous DNA through mobile DNA
and selection for increased fitness were drivers of the evolution,
promoting the emergence of adapted individuals. Also in this
phase, recombination (intra- and inter-pathovar; McCann et al.,
2013, 2017) and selection limited the proliferation of transposons
and the deleterious mutations associated to DNA mobilization.

A new phase began with the introduction of adapted
highly virulent strains from China into the kiwifruit cultivated
areas in Europe, Chile and New Zealand. In Europe, Psa
biovar 3 established and spread clonally in an ecological niche
lacking competitive selection, such as that represented by
the highly sensitive A. chinensis cv. Hort 16A. The results
of this study show that the new phase was associated to
an increase in the number of small transposons in the
bacterial genome, with rearrangements leading to gene loss
rather than to gain of functions by horizontal transfer. The
data collected herein would suggest that clonal spread of the
pathogen in a free ecological niche occurred with no access
to the environmental gene pool, with diversification through
rearrangement of self-genetic elements, and in the absence
of the recombination-selection process that mitigates genome
degeneration associated with transposon mobilization (Bast et al.,
2016).

This suggestion is corroborated by the genome comparisons
between European and New Zealand strain. According to the
SNPs analysis presented in this and other papers (Mazzaglia
et al., 2012; Butler et al., 2013), SNPs differences between the
two geographically distinct groups of strains are one order of
magnitude larger than within group SNPs differences, supporting
the notion that the separation the European and New Zealand
strains consistently predates the initiation of clonal expansion
in Europe; conversely the mobile DNA associated structural
differences are not larger between geographically distinct groups
than within groups. This discrepancy, and the isolation of variant
strains defective in virulence, are consistent with the view that the
clonal expansion in the open niche of cultivated kiwifruit would
be associated with genomic diversification through structural
rearrangement with relaxation of the natural selection pressure
against deleterious traits. This issue may be relevant for our
understanding and management of epidemics.

Evidence of gene gain associated with the emergence of
copper-resistant strains was recently reported by Colombi et al.
(2017) for Psa in New Zealand, while we found no gene gain by
European strains, variant strains resulting from rearrangement
of self-genetic elements. The different outcomes of the surveys
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may be related with differences in the environmental conditions,
epidemic dynamics or disease management, such as timing of
the disease spread on the territory, introduction of tolerant
cultivars, use of containment measures directed to the reduction
of the inoculum size (particularly copper treatments) or to
the reduction of pathogen dispersal and the establishment
of conducive conditions for the epidemics (pruning, girdling,
cultivation under cover), prevalence of the crop in the region
(Vanneste, 2017).

Modern strategies for the management of destructive
epidemics, such as that caused by Psa biovar 3 on kiwifruit,
may benefit from the awareness of their effect on short-term
genome evolution and population structure of the pathogen.
The results presented in this paper would suggest that strategies
that do not promote recombination and preserve the clonal
structure of the invasive microorganism may be associated with
lower risk of developing variant strains with enhanced fitness or
virulence.
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Rice bacterial leaf blight (BLB) is caused by Xanthomonas oryzae pv. oryzae (Xoo) which
injects Transcription Activator-Like Effectors (TALES) into the host cell to modulate the
expression of target disease susceptibility genes. Xoo major-virulence TALEs universally
target susceptibility genes of the SWEET sugar transporter family. TALE-unresponsive
alleles of OsSWEET genes have been identified in the rice germplasm or created by
genome editing and confer resistance to BLB. In recent years, BLB has become one
of the major biotic constraints to rice cultivation in Mali. To inform the deployment of
alternative sources of resistance in this country, rice lines carrying alleles of OsSWEET 14
unresponsive to either TalF (formerly Tal5) or TalC, two important TALEs previously
identified in West African Xoo, were challenged with a panel of strains recently isolated
in Mali and were found to remain susceptible to these isolates. The characterization
of TALE repertoires revealed that talF and talC specific molecular markers were
simultaneously present in all surveyed Malian strains, suggesting that the corresponding
TALEs are broadly deployed by Malian Xoo to redundantly target the OsSWEET 14 gene
promoter. Consistent with this, the capacity of most Malian Xoo to induce OsSWEET 14
was unaffected by either talC- or talF-unresponsive alleles of this gene. Long-read
sequencing and assembly of eight Malian Xoo genomes confirmed the widespread
occurrence of active TalF and TalC variants and provided a detailed insight into the
diversity of TALE repertoires. All sequenced strains shared nine evolutionary related tal
effector genes. Notably, a new TalF variant that is unable to induce OsSWEET 14 was
identified. Furthermore, two distinct TalB variants were shown to have lost the ability to
simultaneously induce two susceptibility genes as previously reported for the founding
members of this group from strains MAI1 and BAIS. Yet, both new TalB variants retained
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the ability to induce one or the other of the two susceptibility genes. These results
reveal molecular and functional differences in tal repertoires and will be important for
the sustainable deployment of broad-spectrum and durable resistance to BLB in West

Africa.

Keywords: rice, Xanthomonas oryzae, bacterial leaf blight, TAL effector, Mali, disease resistance

INTRODUCTION

Genetic resistance is arguably the most sustainable strategy
to control microbial diseases threatening crop production.
However, effectiveness of resistance genes deployment in
agricultural settings is contingent on a number of environmental
and biological factors such as the spectrum of activity of
the Resistance genes and the genetic diversity of pathogen
populations, notably, with regards to the prevalence of resistance
eliciting or suppressing factor(s) (Boyd et al., 2013; Brown, 2015).

Bacterial leaf blight (BLB) is a rice (Oryza sativa) foliar
disease occurring in most rice growing regions. It has long
been recognized in Asia as a serious yield limiting factors.
BLB is considered as one of the three most important diseases
of rice, causing yield reduction of 20-50% in extreme cases.
Xanthomonas oryzae pv. oryzae (Xoo), the gram negative bacteria
responsible for BLB is a vascular pathogen that gains entry into
plant tissues through hydathodes and wounds. Xanthomonas
oryzae pv. oryzicola (Xoc) bacteria belong to another pathovar of
the species and cause bacterial leaf streak (BLS) of rice, a disease
less destructive than BLB but which is gaining in importance
(Nino-Liu et al., 2006).

To successfully colonize its host and provoke significant
disease symptoms, Xoo requires virulence proteins from the
Transcription Activator-Like Effectors (TALEs) family. TALEs
are injected into the host cell via the molecular syringe of the Type
III Secretion System and subsequently localize to the nucleus
where they molecularly mimic eukaryotic transcription factors
and upregulate the expression of target genes. The central repeat
region (CRR) of TALEs is responsible for recognition and binding
to a specific target DNA sequence also termed effector binding
element (EBE). The CRR domain is typically composed of 10-
30 modular tandem repeats of 33-35 amino acids. The primary
sequence of these repeats is highly conserved except at positions
12 and 13 which are referred to as repeat variable diresidue
(RVD) (Boch and Bonas, 2010; Bogdanove et al., 2010). Structural
insight into the features of TALE-DNA molecular complexes
revealed that the CRR wraps around the DNA helix with the
second residues of each RVDs interacting directly with a cognate
nucleobase (Deng et al., 2012; Mak et al., 2012). The nature of
each RVD determines affinity for a specific nucleotide in a linear
fashion along the sequence of RVD in the TALE CRR and the
target DNA sequence. The landmark elucidation of this TALE-
DNA binding code (Boch et al., 2009; Moscou and Bogdanove,
2009) fostered the development of bioinformatic tools for the
computational prediction of TALE target sequences (Moscou and
Bogdanove, 2009; Doyle et al., 2012; Grau et al., 2013; Pérez-
Quintero et al., 2013) and the design of artificial TALEs with
tailored specificity (Boch et al., 2009; Morbitzer et al., 2010).

The functional interplay between TALEs and their rice gene
targets is a major determinant of disease or resistance between
Xoo strains and rice genotypes. When induction of a TALE
target gene is demonstrated to make a positive contribution
to disease outcome, this gene is termed a susceptibility gene.
Documented BLB susceptibility host gene targets of TALEs
include the transcription elongation factor OsTFIIAyI and the
b-ZIP transcription factor OsTFX1I that were shown to be induced
by TALE effectors from Philippine Xoo strains and have a
mild effect on disease severity (White and Yang, 2009). In
contrast, OsSSWEET genes belonging to clade III of the family
function as major susceptibility genes (Streubel et al., 2013).
SWEET genes codes for membrane transporters with affinity
for sugars and are primarily hypothesized to promote release
of sucrose in the apoplast to provide a source of carbohydrate
for bacterial multiplication (Bezrutczyk et al., 2018). Xoo strains
do not monolithically target a single OsSWEET gene but rather
have evolved TALEs inducing one of three OsSWEET clade III
homologs: PthXol from the Philippine strain PXO99* (Yang
et al.,, 2006) targets OsSWEET11 while PthXo2 from Xoo JXO14
and MAFF311018 strains from Japan targets OsSWEET13 (Zhou
et al, 2015). Finally, in a remarkable example of convergent
evolution, OsSWEET14 stands out as being targeted by TALEs
from geographically diverse and distantly related Xoo strains at
the level of several distinct or overlapping EBEs in its promoter:
AvrXa7 from strain PXO86 (Philippines) and PthXo3 from strain
PXO061 (Philippines) (Antony et al., 2010) as well as Tal5 and
TalC from African Xoo strains (Yu et al., 2011; Streubel et al,,
2013). To date, the only African TALEs shown to target a clade
III OsSWEET susceptibility gene are Tal5 from the Malian strain
MAI1 and TalC from the Burkinabe strain BAI3. A talC mutant
strain is unable to cause disease indicating that this effector is a
major virulence TALE of the BAI3 strain (Yu et al., 2011; Streubel
et al., 2013). To harmonize the nomenclature of African Xoo
TALEs, Tal5 has been recently renamed TalF (Tran et al., 2018)
and will be referred accordingly hereafter.

Resistance breeding is the only sustainable BLB control
strategy in the field and more than 40 resistance loci have been
characterized. With the notable exception of Pattern Recognition
Receptors-encoding Xa4, Xa2l, and Xa23 genes, most BLB
resistance systems described to date are based on the detection
or the impairment of TALE activity (Zhang and Wang, 2013;
Zuluaga et al., 2017) which further illustrates the critical status
of this family of type III virulence effectors in the rice-Xoo
evolutionary arms race. One type of host immunity relies on so-
called ‘executor’ genes such as Xa10, Xa23, or Xa27 that harbor a
decoy TALE EBE in their promoter and act as triggers of a massive
immune response upon infection attempts and promiscuous
activation by a cognate TALE (Zhang et al., 2015).
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Another recurring type of immunity originates from
mutated alleles of gene promoters that confer a loss of TALE
responsiveness to the corresponding OsSWEET susceptibility
gene thereby hindering the establishment of proper bacterial
growth conditions and preventing host tissues colonization
(Hutin et al,, 2015a). For example, the naturally occurring
recessive resistance alleles xal3 of OsSWEETII and xa25 of
OsSWEET13 are, respectively, unresponsive to PthXol (Chu
et al, 2006; Yang et al, 2006) and PthXo2 (Liu et al, 2011;
Zhou et al,, 2015) due to sequence polymorphism in the EBE
recognized by the corresponding TALE. Recently, Hutin et al.
(2015b) reported on xa41(t), a resistance allele of OsSWEET14
from the African wild rice species O. barthii that is also present
in all examined cultivated varieties of the African O. glaberrima
species. The xa41(t) promoter contains a 18 bp deletion spanning
the AvrXa7 and TalF EBEs sequences and conferred resistance
to half of the strains from a representative worldwide Xoo panel
including six African strains from Burkina Faso, Niger, and Mali
(Hutin et al., 2015b) which thus presumably rely solely on TalF
for OsSWEET14 activation.

Both the results of bioinformatic predictions of TALE
target for strains with uncharacterized TALE repertoire (Pérez-
Quintero et al., 2013; Grau et al., 2016; Quibod et al., 2016) and
the consistent functional data on several Xoo TALE-SWEET pairs
(Yang et al., 2006; Yu et al.,, 2011; Li et al.,, 2012; Zhou et al,,
2015), support the view that this clade virtually act as universal
BLB susceptibility genes. This and the existence of naturally
occurring TALE-unresponsive OsSWEET resistance alleles in the
rice germplasm hinted to a BLB resistance engineering strategy
by genome editing of TALE EBEs in the promoter of OsSWEET
genes. Pioneering work by Li et al. (2012) provided a proof of
this concept by editing the AvrXa7 EBE upstream of OsSWEET14
and conferring disease resistance to an Asian Xoo strain carrying
this effector. A subsequent attempt to edit the TalF or the TalC
EBE in the OsSWEET14 promoter to create TALE-unresponsive
resistance alleles tailored against African Xoo strains achieved
immunity solely against those relying on TalF (Blanvillain-
Baufumé et al.,, 2017). Intriguingly, the susceptibility of TalC-EBE
edited lines to the TalC-relying strain BAI3 was unaffected even
though none of the clade IIT OsSWEET, including OsSWEET14,
was upregulated in these edited lines. This led to the conclusion
that clade IIT OsSWEET induction is not an absolute requirement
for BLB and that TalC also likely targets a genetically redundant
susceptibility gene (Blanvillain-Baufumé et al., 2017).

In the past decade, rice has been recognized as a strategic
crop and its cultivation has gained in importance in Africa. On
this continent, BLB was first reported in Mali in 1979 and later
found to occur in Senegal, Niger, Nigeria, Gabon, Mauritania,
Benin, and Cameroon (Verdier et al., 2012). Probably due in part
to surface extension and crop intensification, BLB is repeatedly
observed in countries of the region, notably in Mali where rice
pathologists have witnessed increased incidence and a marked
susceptibility for local varieties in the field (Gonzalez et al., 2007;
Sarra et al., 2010; Afolabi et al., 2015). Phylogenetic analysis of
Xoo strains indicate that the African Xoo lineage is genetically
distinct from the Asian one (Gonzalez et al., 2007; Poulin
et al., 2015). It is noteworthy that among several distinguishing

features, African Xoo strains harbor a reduced tal effector gene
repertoire of nine elements (Gonzalez et al., 2007) compared
to as much as 19 genes in Asian Xoo (Booher et al., 2015).
Virulence profiling on nearly isogenic lines has clustered African
strains isolated before 2007 into three races with Malian strains
all belonging to race A3 which is incompatible on all lines of
the IRBB panel, including the IR24 parental variety (Gonzalez
et al., 2007). Recent work in our laboratories has expended our
collection with ~60 additional Xoo strains from Mali collected
between 2009 and 2013. Virulence profiling on IRBB isogenic
lines and Malian rice varieties as well as molecular typing
indicated that these contemporary Malian Xoo isolates exhibit
diversity both in terms of genetic content and virulence profiles as
compared to strains isolated earlier. Many of these isolates define
novel Xoo races and several of them are even able to overcome,
at least partially, all tested sources of resistance (Tekete and
Verdier, manuscript in preparation). Although, the TALE content
of Xoo strains often underlies their pathogenicity, its variability
among Malian strains remains unexplored. Until recently, our
main insight into the nature of African Xoo TALEs came from
the characterization of TalC and TalF. However, we used single
molecule sequencing and functional assay to characterize the
TALE repertoires of three African strains including MAI1 from
Mali which redundantly activate OsSWEET14 via both TalC and
TalF (Tran et al., 2018). This work also identified TalB, a second
major virulence TALE of African Xoo strains which remarkably
targets two rice susceptibility genes, OsTFXI and OsERF#123
(Tran et al.,, 2018).

Our objective is to provide farmers with broad BLB resistance
to contemporary Malian Xoo strains. Recently described rice
lines harboring either TalF- or TalC-unresponsive OsSWEET14
promoter alleles were therefore challenged with Xoo but were
found to be susceptible to all tested Malian isolates. To
understand this lack of resistance, the fal gene repertoires of
Malian strains were characterized. Active TalC appeared strictly
conserved in Malian Xoo and, with one exception, consistently
associated with an active version of the redundant TALE
TalF. Comparative analysis of TALE repertoires additionally
uncovered two variants of the TalB group that have lost the
ability to induce one of the two documented targets of this
group. Overall, Malian Xoo TALE groups members displayed
an unexpected degree of variability raising the question of the
functional significance of these differences in the interaction with
rice.

RESULTS

OsSWEET14 Promoter Alleles
Unresponsive to Single African TALEs
Confer no Resistance to Malian Xoo

Strains

Considering that TalF (previously Tal5) has been originally
identified in a Malian strain (Streubel et al., 2013) and that an
O. barthii accession containing the natural TalF-unresponsive
allele xa41(t) is susceptible to strain MAI1 but resistant to three
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other Malian strains (CFBP1951, MAI9, and MAI14) (Hutin
et al., 2015b), xa41(t) could be an effective resistance allele to
control BLB in Mali. We therefore sought to evaluate its efficiency
against a larger set of contemporary Malian strains composed in
majority of isolates collected between 2009 and 2013. For this,
CG14, a cultivated O. glaberrima variety that harbors a functional
xa41(t) (Hutin et al., 2015b) and the Azucena variety of O. sativa,
acting as a susceptible positive control, were inoculated with 44
Malian strains (including MAI1, MAI9, MAI14 as references)
using the standard leaf tip clipping assay. For each strain, the
length of BLB lesions were measured 14 days post inoculation on
both varieties and plotted in Supplementary Figure S1. Similar
to the BAI3 control strain which relies on TalC rather that TalF
for OsSSWEET14 induction (Yu et al., 2011; Tran et al., 2018), a
large fraction of the Malian strains appeared equally proficient
at causing symptoms on CG14 and Azucena. Only seven strains,
including the PXO86 control which relies on the AvrXa7 TALE
that is unable to induce SWEET14 in xa41(t) (Hutin et al., 2015b),
caused significant disease lesions on Azucena but were markedly
less virulent on CG14 (average lesion length below 5 cm). This
was thus an indication that xa41(t) is not broadly efficient against
contemporary isolates.

Because this and previous experiments (Hutin et al., 2015b)
with xa41(t), could not use isogenic host rice backgrounds,
interpretation on the causal role of xa41(t) on disease resistance
can be confounded by other unrelated genetic factors. To
unambiguously assess the contribution of a loss of TalF-
responsiveness allele at OsSWEET14 on resistance to Malian Xoo,
we used the OsSWEET14 promoter edited allele sweet14-15. It has
been described previously and corresponds to a deletion of the
entire AvrXa7 EBE and most (13 out of 19 bp) of the TalF EBE in
a Kitaake cultivar (O. sativa ssp. japonica) parental background
(Blanvillain-Baufumé et al., 2017). We also wanted to determine
if a TalC-unresponsive OsSWEET14 promoter edited allele could
provide resistance to Malian Xoo and tested an homozygous line
for the sweet14-32 allele which has a large (16 out of 23 nt)
deletion in the 3" end of the TalC EBE (Blanvillain-Baufumé et al.,
2017). Susceptibility assays of the edited lines and the parental
Kitaake background were conducted with a restricted panel of
Malian Xoo strains. As depicted in Figure 1 and consistent with
previous data, the BAI3 strain was equally virulent on the three
rice genotypes. Similar to negative controls mock- or BAI3 talC-
mutant-inoculated plants, the PXO86 control strain caused very
short lesions, on sweet14-15 plants as compared to wild type
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FIGURE 1 | The TalF (Tal5) or TalC EBE edited lines do not exhibit measurable resistance against Malian Xoo strains. Barplot of mean lesion length measured on
Kitaake wild type, sweet14-32 or sweet14-15 homozygous individuals for the edited alleles of the OsSWEET14 promoter TalC and TalF (Tal5) EBE, respectively.
Leaves of 6-week-old plants were inoculated using the leaf-clipping method. Lesion length was measured 2 weeks after inoculation. Error bars represent standard
deviation calculated from 3 to 4 replicate measurements. The ‘BAIBAC’ strain corresponds to the BAI3 talC™ knockout derivative. For each strain, Welch two sample
t-tests were performed to test if average lesion length in wild-type Kitaake plants is superior to lesion length in one of the two mutant sweet74 lines. Significant
comparisons with p-value < 0.05 are highlighted in the plot with an asterisk. This experiment was repeated four times with similar results.
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Kitaake. With the exception of CFBP1951 that caused slightly
but significantly reduced lesions (p-value = 0.02473) on sweet14-
32 in this replicate of the experiment, Malian Xoo strains were
similarly virulent on either of the OsSWEETI4 edited alleles
than on the wild type control. We therefore conclude that none
of the alleles conferred a strong resistance phenotype against
any Malian Xoo. Altogether, these results demonstrate that not
only TalC- but also TalF-unresponsive OsSWEET14 alleles, either
xa41(t) or sweetl4-15, confer no or minor resistance against
Malian Xoo strains. We further conclude that, in general, Malian
strains do not rely solely on TalF for SWEET susceptibility gene
induction.

tal RFLP-Haplotypes of Malian Xoo
Strains Show a Limited Diversity and

Include Both talC and talF

The conclusion that TalF is presumably not the only major TALE
responsible for SWEET gene induction in Malian Xoo strains
prompted us to explore the diversity of tal genes in our Malian
strain collection. As a first step toward this goal, we conducted a
preliminary screen of most of the Malian strains in our collection
by Southern blotting with a PCR probe encompassing the 5’
part of the talF CDS on BamHI-digested genomic DNAs. As
exemplified in Figure 2A on a restricted set of strains including
those that were ultimately sequenced (see below), we detected
a predominant haplotype of eight bands identical to the one
obtained for our reference strain MAIL. Strain MAI68 defined
a distinct haplotype differing at the level of the talA-talB band
which migrated with a lower molecular weight. A third haplotype
was also detected for strain MAI99 whose profile lacks the

smallest fall band. Strain MAI134 defined a fourth haplotype
with possibly an extra band beneath the talC one and the
disappearance of the talE band. Importantly, the specific bands
corresponding to talC and talF in strain MAI1 (Yu et al., 2011;
Tran et al., 2018) were strictly conserved in all Malian strains
examined, suggesting that these tal effector genes might be
present in other Malian Xoo genomes as well.

In order to further ascertain the presence of a talC homolog
in Malian strains, we designed a pair of PCR primers flanking
a region in the 5 portion of the coding sequence of Xoo
tal genes that was found to be absent in the talC coding
sequence (Supplementary Figure S2). As shown in Figure 2B,
control PCRs with the BAI3 #alC CDS cloned on a plasmid
produced a band with a size consistent to the predicted
152 bp amplicon while using the cloned MAII talF CDS as
a template yielded a band matching the size of the expected
amplicon (224 bp). Additional control PCRs performed with
the talC-containing strain BAI3 versus the Asian KACC10331
and PXO86 strains whose genomes are devoid of this gene
revealed a ~150 bp diagnostic band for the presence of
talC in BAI3 only, thus verifying the specificity of this talC
PCR marker. In the same experiment, we used it to also
genotype a set of 24 genomic DNAs from Malian strains.
Although the talC band had a weaker intensity, similar to
PCR ran with BAI3 DNA as a template, we could repeatedly
detect the talC diagnostic marker band for all tested Malian
strains.

In conclusion, apart from three minor haplotypes observed
only with single strains, Malian tal effector genes RFLP-profiles
exhibit a low diversity with a major haplotype shared by most of
the strains suggesting a limited divergence of TALE sequences
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FIGURE 2 | A Survey of tal gene diversity in a set of Malian Xoo strains. (A) Genomic patterns of ta/ content as determined by Southern blot. The genomic DNAs
were digested with BamHI prior to electrophoresis on a 1% agarose gel. Following transfer, bands corresponding to tal sequences were detected with a probe
encompassing part of the N-terminal coding region of TalF from MAI1. The names of tal genes corresponding to MAI1 fragments are indicated on the left.

(B) Detection of talC in Malian Xoo genomes. A portion of the N-terminal region of tal coding sequences was amplified by PCR with primers flanking a segment that
is specifically deleted in talC and separated on a 1.5% agarose gel. Detection of a shorter 152 bp product as compared to the predominant ~224 bp product is
indicative of the presence of talC. Purified plasmid DNA containing talF or talC and genomic DNA from strains KACC10331 (Korea) and PXO86 (Philippines) or BAI3
(Burkina Faso) were used, respectively, as negative or positive controls. The single gel image was broken down into three subpanels for assembling the figure. For
each of them, the first lane was loaded with a 100 bp Marker and the numbers on the left indicate fragment size in bp. Strain names are indicated on top of the blot
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across Malian Xoo. Furthermore, both talF and talC specific
molecular markers were simultaneously detected in all surveyed
Malian strains, suggesting that the corresponding TALEs are
broadly deployed by Malian Xoo to redundantly target the
OsSWEET14 gene promoter.

Malian Xoo Strains Exhibit
OsSWEET14-Inducing Activity That Is
Unaffected by Single TalC or TalF EBE
Disruption

In order to functionally corroborate the hypothesis that a
majority of the Malian Xoo strains deploys TalC and TalF to
redundantly induce the OsSWEETI4 gene, we examined the
ability of a set of 12 Malian strains, including those profiled
above for tal effector genes, to induce OsSWEET14 following
leaf infiltration of the TalC EBE-edited line sweetl4-32, the
TalF EBE-edited line sweetl4-15 or the wild type Kitaake
background variety. The resulting real time RT-PCR data is
summarized in Figure 3. First, for all strains the OsSWEET14
expression ratio relative to water infiltrations in Kitaake was
superior to the negative control BAI3AtalC mutant strain at
significant statistical levels (p < 0.05), indicating that these
strains express at least a TALE targeting this gene. Second,

with the exception of the control PX086 strain which is unable
to induce OsSWEETI4 in a sweetl4-15 background because
the AvrXa7 EBE of this allele is edited, all Malian strains
caused OsSWEET14 induction at ratios significantly superior to
the corresponding control BAI3AtalC mutant strain revealing
that they possess TalF EBE-independent OsSWEET14 inducing
activity. Finally, when assayed on the TalC EBE-edited line
sweet14-32, and consistent with previous reports (Blanvillain-
Baufumé et al, 2017), BAI3 failed to induce expression
of OsSWEETI14 above the corresponding control BAI3AtalC
mutant. Likewise, MAI68 did not induce OsSWEET14 expression
above the BAI3AtalC mutant control indicating that similar to
BAI3 (Yu et al, 2011), this strain exclusively relies on TalC
EBE-dependant activity for OsSSWEET14 targeting. Albeit to a
more varying extent than on other rice backgrounds, all other
Malian strains produced OsSWEET14 expression ratio that were
superior to the negative control BAI3AtalC mutant strain at
significant statistical levels (p < 0.05), indicating that these
strains possess TalC EBE-independent OsSWEET14 inducing
activity.

This data therefore demonstrate that all 12 Malian strains
possess OsSWEETI14-induction activity and that, with the
exception of MAI68, this activity is insensitive to single TalF- or
TalC-EBE disruption. On another hand, our previous genotyping
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FIGURE 3 | Profiling Malian strains OsSWEET 14-induction activities on EBE edited rice lines. Q-RT-PCR was conducted on rice RNA extracted from leaf samples
48 h after infiltration of the designated bacterial strains (BAI3DC refers to the talC mutant of BAI3). The barplot reports least-square means and standard errors
computed from a mixed linear model of the logs-transformed SWEET14 induction ratio relative to water treatment of the corresponding rice line (174 observations
from four independent experiments). Likelihood ratio tests demonstrated that the model explaining OsSWEET 14 induction ratio as a function of rice line and strain
and including a random component performed better than a model incorporating fixed effects alone (L-ratio = 195.48; p-value < 0.00001). The null hypothesis that
induction ratio is inferior or equal to the value of the negative control strain BAI3DC was systematically rejected (p-value < 0.05 with Sidak adjustment method)
except for treatments designated with an asterisk.
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data advocates for the simultaneous presence of the falF and
talC genes in these genomes. Taken together, these observations
suggest that most Malian Xoo exhibit internal redundancy in
TALE repertoires for OsSWEET14 gene induction, and that they
presumably rely simultaneously on TalF and TalC TALEs for that
purpose.

Whole Genome Sequencing of Eight

Malian Strains

Single molecule, real-time (SMRT) sequencing (Pacific
Biosciences) or ‘PacBio’ sequencing has been recently used
for X. oryzae whole genome assembly and was shown to
accurately and exhaustively reconstruct tal genomic sequences
(Booher et al., 2015; Wilkins et al., 2015; Grau et al., 2016;
Huguet-Tapia et al., 2016; Tran et al, 2018), surmounting
the shortcomings of other NGS technologies to handle the
repetitive nature of the CRR coding sequence. Available data on
the genetic diversity of Malian Xoo strains is currently limited
to MLVA typing (Poulin et al., 2015) and only one finished
genome was sequenced (Tran et al, 2018). A more refined
analysis of this genetic diversity, especially with regard to tal
gene repertoires is critical to inform deployment of resistance
genes and to design novel resistance by the creation of TALE
unresponsive susceptibility genes alleles through EBE editing.
We therefore performed de novo genome sequencing using the
PacBio technology for selected Malian strains recently isolated
(2010-2013) in the Office du Niger rice growing region with
the aim of maximizing diversity in terms of virulence profile,
genotype of the host of origin and tal haplotype. Hierarchical
genome assembly of the PacBio data yielded a complete circular
chromosomal sequence for all eight Malian strains with coverage
above ~130x (Table 1).

Next, to examine the position of these strains in the established
phylogeny of X. oryzae, a set of core genome SNPs was obtained
using the parsnp module of the Harvest suite for genome multiple
alignments (Treangen et al., 2014). On average, the core genome
amounted to 67% of a genome sequence and a set of 129,898
SNPs could be called from this alignment. The analysis included
genomes from reference strains representative of each of the
previously defined major X. oryzae clades (Gonzalez et al., 2007;
Triplett et al., 2011; Hajri et al., 2012): Asian Xoo, Asian Xoc,
African Xoc, the X. campestris pv. leersine NCPPB4346 strain, a
pathogen of southern cutgrass (Parkinson et al., 2009; Triplett
et al,, 2011) and African Xoo. Finally, the X11-5A US strain,

belonging to a more distant clade (Triplett et al., 2011), was
used as an outgroup for rooting the tree. Evolutionary relations
were reconstructed using a maximum likelihood approach and
the resulting best tree plotted on Figure 4. Consistent with the
disease symptoms caused on rice and their sampling location,
all eight newly sequenced Malian strains clustered within the
African Xoo group (Figure 4). Interestingly, MAI134, the
only strain isolated from tissues sampled from the perennial
grass O. longistaminata (Table 1) branches out earlier and is
the most divergent African Xoo in this dataset. The other
seven genomes fall in a single group separate from the MAI1
reference and appear to be highly related with a number of
polymorphic positions in pairwise comparisons of core SNPs
haplotypes between strains of this group ranging only from 1 to
22 (Supplementary Figure S3). Accordingly, multiple genome
alignment of the African Xoo sequences performed with Mauve
(Darling et al., 2010) revealed a high degree of shared synteny
and, with the exception of CFBP1947, as pointed out before (Tran
etal., 2018), no major structural rearrangement (Supplementary
Figure S4).

In conclusion, genomic analysis of the finished genomes
obtained from eight Malian isolates confirms that they genetically
belong to the African Xoo group and that, with the exception of
MALI134, they form a highly related group.

Comparative Analysis of Malian Strains
tal Effector Gene Repertoires

We then focused on the comparative analysis of tal effector gene
repertoires to evaluate the nature and extent of TALE diversity
in this set of genomes. To this end, the Malian genomes were
searched for tal coding sequences (Supplementary Table S1).
As before for strains MAI1, BAI3, and CFBP1947 (Tran et al,
2018), each was found to harbor nine tal genes that are highly
syntenic (Supplementary Figure S5). These CDS were extracted
and classified using the DisTAL module of the QueTAL suite
that attempts to reconstruct evolutionary lineages based on
the relatedness of the strings of unique repeat units amino
acid sequences in the TALEs central region (Pérez-Quintero
et al., 2015). The neighbor-joining tree obtained using DisTAL
distances among African TALEs reproduced in Figure 5A
indicates that TALEs from this new set of genomes belong to one
of the nine African TALE groups previously defined by Tran et al.
(2018). Furthermore, all genomes code for a single member of
each group.

TABLE 1 | Origin and genomic features of the Malian strains selected for genome sequencing.

Strain Region Site Year Host Genome size (bp) Coverage GB accession
MAIB8 Office du Niger Niono 2010 Huang Huazhon 4703782 213 CP019085
MAI73 Office du Niger Niono 2012 Adny11 4703982 373 CP019086
MAI95 Office du Niger Niono 2012 Adny11 4705038 155 CP019087
MAI99 Office du Niger Niono 2012 Adny11 4698819 193 CP019088
MAI106 Office du Niger Niono 2012 Adny11 4705454 374 CP019089
MAI129 Office du Niger Bewani 1 2013 Adny11 4703963 169 CP019090
MAI134 Office du Niger Kala 3 2013 O. longistaminata 4730142 263 CP019091
MAI145 Office du Niger Kouroumari 2018 Kogoni91-1 4703977 136 CP019092
Frontiers in Microbiology | www.frontiersin.org 43 August 2018 | Volume 9 | Article 1657


https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Doucouré et al.

TALE Repertoires of Malian Xoo

=X11-5A

Sy~ 00X

=PX099A
IE =KACC10331 I
L- =PX086
=NCPPB4346

= =RS105 I
= =BLS256

S 2E10)%

= =CFBP7341
= =CFBP7342

= =MAI134

0.006

FIGURE 4 | Position of the sequenced Malian Xoo strains in the X. oryzae phylogeny. Plot of the RAXML tree obtained from a core genome SNPs alignment
composed of the PacBio sequenced Malian strain haplotypes (pink strain labels) and reference strains representative of major genetic groups in the X. oryzae
phylogeny. The X. oryzae X11-5A strain served as an outgroup for rooting the tree. The main clades are highlighted with a colored vertical bar. Abbreviations for the
label of the clades are as follows: Xoo, X. oryzae pv. oryzae; Xoc, X. oryzae pv. oryzicola; As, Asia; Af, Africa. Internal nodes were colored in black when bootstrap
support values were above 80. The scale bar at the bottom of the tree reflects branch length in mean number of nucleotide substitutions per site.

Jvoox

= =MAI106
= =MAI1
= =NAIB
= =BAI3

= =CFBP1947

Thus, the newly sequenced Malian genomes do not reveal
any unrelated TALE defining a new African group. However, the
analysis of either RVD sequences (Figure 5B) or unique repeat
units strings (‘DisTAL sequences’) (Supplementary Figure S6)
similarity to measure intra-group diversity identified several new
variants and yields some insight on tal repertoires variability
across strains. As depicted in Figure 5B, when considering
RVD sequences, new variants could be identified in our
set of genomes in all but two TALE groups. For example,
contemporary Malian strains encode a new variant of the
TalD and TalG groups that were previously shown to be
conserved across MAI1, BAI3, and CFBP1947 (Tran et al,
2018). Likewise, we found two new variants for the Tall and
TalB groups. In contrast, despite a more comprehensive set
of African genomes, the TalC and TalE groups remain strictly
monomorphic at the RVD sequence level but polymorphic at
the repeat sequences level (Supplementary Figure $6). Another
observation, derived from the heatmap of Figure 5B, and
mirroring the tal haplotypes shown in Figure 2A, is that
strains MAI68, MAI99, and MAI134 exhibit distinct TALE
RVD sequence variant profiles that are all different from the
MATI1 reference. The five other strains displayed a Southern blot
pattern identical to MAI1 (Figure 2A). Based on the analysis
of their finished genome sequence, they share the same TALE
RVD sequences content which is, however, distinct from MAI1
(Figure 5B).

In order to examine the differences in repeat array regions
underlying each variant within individual TALE groups, we
generated in Supplementary Figure S7 multiple alignments of

DisTAL sequences that allowed the insertion of gaps to maximize
alignments (Pérez-Quintero, 2017). Two main type of variation
seems to occur in these alignments. The TalA group for example
(Figure 5C) but also the TalB (see below and Figure 6B),
TalH and Tall groups (Supplementary Figure S7) harbor
variants that may have arisen from the insertion/duplication
or deletion of an internal block of several contiguous repeats
in an ancestor variant. A second type of variation, that could
be described as single repeat polymorphism, occurs pervasively
in most African TALE groups but one of the most extreme
examples is probably the TalG group (Figure 5D) where up
to 12 positions out of 17 contain 2-3 unique repeat types
that may (positions 3, 9, 11, 12, and 17), or may not, hold
polymorphic RVDs. This repeat polymorphism splits TalG
variants into two subgroups: one of them is composed of
variants from all contemporary Malian strains while the other
contains variants from the previously sequenced African Xoo
genomes. Regardless of the type of variation, within an African
TALE group, variants differences are often predicted to have
marked repercussions on their respective set of rice target
genes (Supplementary Figure S8). Indeed, for example, none of
predicted rice gene targets for the TalG variant of contemporary
Malian strains is shared with the ones predicted for the other
variant.

In conclusion, within established evolutionary TALE groups,
genome sequencing and comparative analysis identified several
novel African TALE variants with distinct predicted target
specificities. Two of them, namely TalC and TalE, were however,
found to be invariant in terms of RVD sequence.
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FIGURE 5 | In silico analysis of the diversity of tal genes content of Malian strains. (A) DisTAL neighbor-joining phylogenetic tree and group classification of tal genes.
All detected tal genes in available complete genomes of African strain (colored tip labels) were assigned to one of the previously defined African TALE groups (Tran
et al., 2018) (gray level colored sectors) based on their position in the tree topology. (B) Diversity of African Xoo strains TALE RVD sequence variants in each TALE
group. Within each TALE group (columns) and across strains (rows), individual cell colors code for distinct TALE RVD sequence variants. The number following the
pound sign in the label of the TALE groups designates the total number of unique variants found for this group in this genome set. Malian strains whose genome was
determined in this work are labeled in pink. Multiple alignments of the African TALE central repeat regions based on DisTAL repeat unit sequences for the TalA (C)
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cell is labeled with the RVD encoded by the corresponding repeat. RVDs that are different from the corresponding MAI1 reference at this position are colored in red
font. Gaps introduced to maximize the alignment score are colored in gray.

RVD Sequence Polymorphism in the TalF
and TalB Group Is Associated With
Distinct Induction Patterns of the

Corresponding Rice Target Genes

To explain tal typing and OsSWEETI14-induction profile data,
we proposed above that, similar to MAI1 (Tran et al., 2018),
a majority of the Malian Xoo strains possess a version of both
TalF and TalC, each being active on OsSWEET14. Our Malian
Xoo genome sequences conclusively support this hypothesis: all
TalC variants are strictly identical in terms of RVD sequence
and, apart from MAI68, all Malian TalF variant RVD sequences
are also identical (Figure 5B and Supplementary Figure S7).
TalFpates appears to deviate from other members of the group
only at the level of its last three repeats (Supplementary

Figure S7). TalFya16s may fail to induce OsSWEET14 because
it is unable to recognize its EBE. Consistent with this view,
while OsSWEET14 is the fifth best predicted target of TalFyar1,
it only ranks at the 3906th position in Talvez EBE predictions
(Pérez-Quintero et al., 2013) for TalFpa16s (see Supplementary
Figure S9). In line with this, we examined the extent to which
individual RVDs of active (MAIl) or inactive (BAI3) TalF
variants are likely to recognize their cognate nucleotide along the
DNA sequence of the TalF EBE in the OsSWEETI4 promoter
(Figure 6A). TalFpars fail to recognize this target sequence
possibly due to suboptimal pairing between positions 5 and 8
(Tran et al., 2018). Each of the last three polymorphic RVD
(position 15-18) of TalFpares, including the NN at position
17 which is present in place of the strong HD of TalFyman,
are predicted to be suboptimal for recognition of the cognate
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similar results. (D) Plain multiple alignment of selected TalB group RVD sequences (no gap allowed) along the DNA sequence (position| nucleotide as column labels)
of MAI1 TalF predicted EBE on the promoter of OsTFX1 or OsERF#123 in the Nipponbare genome. See the legend of (A) for details.

15 16 17 18 19 20 21 22 23 24 25 26

sequences on target gene induction activity. (A) Plain multiple alignment of

RVD based on the quality of the match between this RVD and the MAI1 TalF

nducted on rice cultivar Kitaake total RNA extracted from leaf samples 48 h after
ecretion System mutant derivative of MAI1. Average (points) and standard

on a Tukey’s HSD test (a = 0.05). This experiment was performed twice with

nucleotide, leaving a productive recognition scaffold of only 14
RVDs. Altogether, this suggests that MAI68 lacks TalF activity
because the corresponding TALE variant is unable to bind the
canonical EBE in the OsSWEET14 promoter of the Nipponbare
genome.

It has been recently discovered that the MAIl and BAI3
variants of TalB are both able to simultaneously upregulate two
rice susceptibility genes, OsTFX1 and OsERF#123 (Tran et al.,

2018). Our genome sequences analysis reveals, however, that two
strains, MAI68 and MAI134 encode shorter TalB group variants
with a deletion of a block of, respectively, 2 and 5 repeats,
in the C-terminal portion of the central domain (Figure 6B
and Supplementary Figure S7). This prompted us to examine
this additional TALE group with documented targets for altered
induction activity of polymorphic variants. To this end, strains
MAI68, MAI134, and MAII, acting as a positive induction
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control, were infiltrated into the leaf apoplast of Kitaake plant
and tissues were sampled after 48 h. As shown in Figure 6C,
induction of OsTFX1, OsERF#123, and OsSWEET14, as a control,
was measured by qRT-PCR in total RNA extracted from theses
samples. Consistent with data from Figure 3, all three strains
induced OsSWEET14 well above the background levels measured
for the MAI1 Type III secretion minus mutant strain negative
control. In contrast, OsTFX1 and OsERF#123 induction patterns
proved to be different from OsSWEETI4: while both genes
were induced by the MAII positive control relative to the
background levels defined by the MAI1 Type III secretion minus
mutant values, MAI134 induced OsTFXI but not OsERF#123
expression. The MAI68 strain had an opposite activity, inducing
only OsERF#123 but not OsTFX1 expression (Figure 6C). This
is a strong indication that these TalB variants have differentially
lost the ability to recognize one of the documented targets of
the group. We wondered if the inability to induce one of the
two TalB susceptibility targets had an impact on the virulence
of these strains on Kitaake. A Dunnet’s test comparing mean
lesion length obtained on Kitaake with MAI68 or MAI134
against the value obtained with MAIl found no statistical
difference (Adjusted p-values > 0.05) in data from three out
of four of the replicate experiments performed for Figure 1.
It therefore appears that in our experimental conditions, those
strains have no reproducible virulence defect and behave as
MAII.

To understand why, in contrast to TalByarn, TalByates,
and TalByanizs specifically fail to recognize the OsTFXI
and OsERF#123 EBEs, respectively, we first examined the
results of Talvez predictions for these TALE-target pairs
(Supplementary Figure S9). Consistent with target genes
induction patterns, OsTFXI was absent from the list of the
first 5000 best predictions of TalByares, likewise for OsERF#123
with TalByari34. Conversely, predictions scores for TalByjares
on OsTFX1 and TalByariz4 on OsERF#123 where higher than
the predictions scores for TalByan on the corresponding
targets. As above, we also inspected the expected fitness of
individual RVD-nucleotide pairs alongside target DNA sequences
(Figure 6D). For the OsTFX1 EBE, TalByajes is shorter than
active variants (24 versus 26 RVDs) and four of its last five
RVD are suboptimal for recognition of the target nucleotides.
Although TalBpagiz4 is even shorter (21 versus 26 RVDs),
there is no such stretch of RVD-nucleotide mismatches and
the substitution of NN at position 8 for a strong HD may
compensate for a potential decrease in affinity of a shorter
version. At the OsERF#123 EBEs, it is possible that this
substitution may in the case of the short TalByamss variant
create a mismatch that disproportionately penalizes affinity for
this DNA sequence.

In summary, comparative analysis of tal gene sequences
assembled with the PacBio data identified variants in the TalF
and TalB groups with modified rice gene target induction
specificity relative to group founders in MAIl and BAI3
strains. Intriguingly, the TalB group variants presumably remain
functional but have lost the ability to induce one of the two
documented susceptibility targets of TalB group founders without
a detectable effect on virulence.

DISCUSSION

Bacterial leaf blight can represent a significant constraint to
production in some rice growing areas of West Africa, notably
in the irrigated perimeters of Office du Niger in Mali. A few
resistance genes originally identified using Asian Xoo strains
(Zhang and Wang, 2013) are also effective against West African
strains (Gonzalez et al., 2007; Sarra et al., 2010) and could be
readily deployed in breeding programs. To further expand the
host genetic arsenal available to control BLB in Mali, this study
initially aimed at assessing recently documented resistance alleles
of the OsSSWEET14 susceptibility gene that loss responsiveness to
the African TALE TalF for protection against Malian Xoo strains.
Although xa41(t), a OsSSWEET14 resistance allele identified in
O. barthii and O. glaberrima African rice was previously shown to
be effective against half of a worldwide diversity set of Xoo strains
in a water-soaking assay after leaf infiltration (Hutin et al., 2015b),
we unexpectedly found that most of the Malian strains isolated
after 2009 were virulent on the CG14 accession bearing xa41(t)
in leaf clipping assays (Supplementary Figure S1). In parallel,
we tested the equivalent sweetl4-15 edited allele (Blanvillain-
Baufumeé et al.,, 2017) carrying also a lesion in the TalF EBE.
Eleven Malian strains, including CFBP1951 and MAI9 that were
previously shown to be controlled by the xa41(t) allele, were
all as virulent on the sweet14-15 genotype as on the parental
Kitaake variety (Figure 1). In agreement with this, TalF is not
the only TALE required for susceptibility gene induction by
Malian strains because all Malian strains tested were able to up-
regulate OsSWEET14 in the TalF EBE edited line (Figure 3). We
therefore propose that the resistance observed on rice accessions
carrying xa41(t) against Malian strains is attributable to other
unrelated resistance loci present in these genetic backgrounds.
Furthermore, based on our data, TalF-unresponsive OsSWEET14
alleles appear of limited practical value to control BLB caused by
contemporary Xoo strains in Mali.

The lack of protective effect of TalF-unresponsive alleles is
most probably due to the widespread if not the universal presence
of an active talC gene in the genomes of contemporary Malian
strains in addition to falF. Tran et al. (2018) recently discovered
that the Malian Xoo strain MAI1 contains one active copy of
both falC and talF. We further demonstrate that single EBE
disrupted alleles of the OsSWEET14 promoter still respond to
MAI1 and to most of the 12 Malian Xoo tested (Figure 3).
Moreover, tal haplotype characterization, PCR-based detection
of talC sequences (Figure 2) and ultimately PacBio sequencing
of eight Xoo strains (Figure 5) support the view that the Malian
Xoo genetic diversity possess redundant TalF and TalC activities
on OsSWEET14. Redundant targeting of the SWEET component
of susceptibility is not unique to Malian Xoo. A significant
proportion of tested Asian strains (~40%) also adopted this
strategy but implement it by targeting several (up to three)
clade-IIT OsSWEET genes using a distinct TALE for each one of
them (Parkinson et al., 2009). In principle, engineering TALE-
unresponsive alleles for resistance against most Malian Xoo
would require to edit both the TalC and TalF EBEs on the
OsSWEET14 promoter to abrogate induction of this susceptibility
gene. Based on the phenotype of TalC EBE edited lines that
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remain susceptible to the Burkinabe BAI3 (Blanvillain-Baufumé
etal., 2017) and the Malian MAI68 (Figure 1) strains possessing
TalC-activity only, one would, however, predict that a double
edited OsSWEET14 promoter unresponsive to Malian strains
will not provide resistance. The failure to confer enhanced BLB
resistance against the BAI3 strain despite unchanged clade-III
OsSWEET expression has been hypothesized to originate from
the presence of another genetically redundant TalC target of
unknown nature (Blanvillain-Baufumé et al., 2017). Our results
provide evidence that TalC is both widespread and highly
conserved in Malian Xoo. It will therefore be critical to identify
this redundant target if broad resistance against the African Xoo
characterized to date is to be engineered utilizing genome editing
technologies.

PacBio sequencing, assembly and analysis of eight finished
Xoo Malian genomes provided valuable insight on the genetic
diversity of contemporary Xoo strains in this country. The
phylogenetic position of some of the contemporary Malian
strains, namely, MAI73, MAI95, MAI99, and MAI106 was
previously investigated using a MLVA scheme (Poulin et al,
2015). They were all shown to belong to a sub-cluster composed
of Malian strains collected between 2010 and 2012 in Office du
Niger and separated from another sub-cluster including MAI1
and composed of Malian strains isolated earlier. Our phylogenetic
tree based on whole genome core SNP markers (Figure 4) also
displays such a dichotomy between MAI1 and more recently
collected strains which form a group of highly related genomes
both in terms of DNA sequence identity and overall genome
collinearity. Interestingly, Xoo MAI134 is the most divergent
genome belonging to the African Xoo group and it clusters
separately from the other Malian strains. To our knowledge, it is
the first Xoo genome of a strain isolated from a wild rice species,
in that case, O. longistaminata. The apparent divergence relative
to other Malian genomes could be a consequence of a separate
evolutionary path for specialization on this wild host. Sequencing
the genome of additional Xoo strains isolated from wild rice
would help address this question.

Our analysis of the finished Malian Xoo genomes extends
previous foundational work on three African Xoo genomes from
strains isolated in Cameroon, Burkina Faso, and Mali (Huguet-
Tapia et al,, 2016; Tran et al., 2018). We further characterized the
nature and extent of the diversity of the genomic repertoires of tal
effector gene homologs in a larger dataset. One interesting finding
is that the new genomes also individually encodes nine TALEs
each belonging to one of the nine previously defined groups of
evolutionary related TALEs. Similar approaches identified in the
order of 30 such groups or classes in Asian Xoo (Grau et al.,
2016; Quibod et al., 2016). The limited number of TALE groups in
African Xoo is intriguing. It could be due to incomplete sampling
of this diversity but also probably reflects a narrower genetic
basis of African Xoo populations mirroring the limited diversity
of traditional African rice host genotypes (Vaughan et al., 2008).
This restricted number of TALE groups may be somehow counter
balanced by intra-group variability. Indeed, we describe new
variants for all of the variable TALE groups and the TalD and TalG
groups that were previously thought to be conserved in terms
of RVD sequences (Tran et al., 2018) appear to be variable as

well. The observed differences within TALE groups encompass
repeat amino acid sequence polymorphism outside the RVD,
polymorphic RVDs and insertion/deletion events of stretches of
repeat units. As the number of fal sequences in databases is
dramatically increasing the molecular mechanisms responsible
for tal sequence variation are beginning to be deciphered and
seem to include both point mutation and recombination between
repeats (Erkes et al.,, 2017; Pérez-Quintero, 2017; Tran et al,
2018).

Long-read sequencing has made TALE diversity mining a
straightforward task. As this diversity in Xoo populations is
being increasingly recognized, new fundamental issues about
TALEs biology and evolution are emerging. These questions
will also be relevant for rice breeding because they may inform
genetic disease resistance design and deployment strategies.
In this regard, one of the most important challenges is to
understand the significance of RVD sequence variability or
conservation within TALE groups in terms of the underlying
selective forces promoting this diversity. Does variability entails
functional differences in host target gene sets providing a
fitness benefit? Or, is this variability simply neutral with respect
to susceptibility target specificity because of the tolerance to
mismatches of the RVD-nucleotide recognition code? Variability
within a TALE group could be a sign that diversifying selection
is driving evolution of the corresponding genes. Two selective
forces may promote diversification of TALE: escaping detection
by a decoy R gene while potentially maintaining control over
the cognate susceptibility gene target(s) or overcoming loss-of-
TALE-responsiveness resistance alleles of susceptibility genes.
While strict conservation of some TALE groups, such as TalC
and TalE (Figure 5B), is generally understood as a clue that
cognate host gene targets are important for susceptibility, because
of strong purifying selection, it is also perhaps the sign that these
variants are not engaged by TALE-dependant immune systems in
the genetic pool of African Xoo hosts.

The case of the TalF group in African Xoo illustrates some
of these considerations. TalFga13 has previously been shown to
be unable to recognize the OsSWEET14 promoter in contrast
to TalFpmann (Tran et al, 2018). We identified a novel TalF
variant from strain MAI68 that is also presumably unable to up-
regulate this susceptibility gene. To integrate this observation
with our current knowledge, we propose an evolutionary scenario
whereby ancestral Malian strains were equipped with a functional
TalFyari-like TALE for OsSWEET14 induction. However, the
emergence of TALE-unresponsive xa41(t) resistance allele, which
is present in all surveyed accessions of the domesticated
O. glaberrima African species (Hutin et al., 2015b) must have
exerted a strong selection pressure. Acquisition of talC lifted this
barrier to colonization and resulted in the general spread of this
effector gene in West African Xoo populations.

In this study, we also describe another case of target specificity
shift for variants within the TalB group. The MAIl and BAI3
founding members regulate two rice susceptibility genes, OsTFX1
and OsERF#123 (Tran et al., 2018). We discovered that strains
MAI68 and MAI134 possess TalB variants with deletions of
several repeats in the C-terminal region of the CRR and that
they are incapable of inducing one of the two targets: OsTFX1 for
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TalBymates and OsERF#123 for TalByia1i34. Considering that these
strains did not show reduced virulence relative to MAI1 in our
assays (Figure 1), it is possible that these susceptibility targets are
genetically redundant. Alternatively, unknown mechanisms may
compensate the absence of induction of one of the susceptibility
genes.

Using the RVD-nucleotide association code, we attempted
to mechanistically explain the failure of some TalF and TalB
variants to recognize cognate EBEs (Figures 6A,D). While
formal demonstration of these hypotheses will require further
experimental evidence, they are consistent with the concept of
‘strong RVD’ (Streubel et al., 2012) and with the influence of
CRR repeat number on the effect of RVD-nucleotide mismatches
on overall DNA affinity (Rinaldi et al, 2017). Ours results
argues in favor of the idea that RVD sequence variability
within TALE groups is not always neutral relative to the
set of direct host gene target(s) and leads to distinct targets
induction patterns by RVD polymorphic TALEs. However,
at least for the TalB group, there are substantial differences
between the BAI3 and the major Malian variant (Figure 6B)
with, as yet, no detectable consequence. We observed that
prediction scores for the TalB and TalF variants that have
lost targeting specificity for a host gene are consistently lower
than scores for the variants that are able to recognize that
target. Examining the overlap of predicted target sets between
variants revealed that for many of the variable African Xoo TALE
groups predicted specificity also varies greatly (Supplementary
Figure $8), indicating that if any, relevant targets may not
be consistently induced by variants. Ultimately, systematic
approaches to study the effect of TALE variants on functionally
relevant target gene induction should yield crucial insight on
these issues. Wilkins et al. (2015) have observed a conservation
of the specificity for confirmed target(s) of a reference Xoc
TALE when variants within that group differed by no more
than six RVDs. Reminiscent of our findings regarding African
Xoo TalB variants, another study reported on several Xoc
TALE groups where different variants may have contrasted
abilities to induce predicted targets (Erkes et al., 2017). In
the future, relational databases such as daTALbase (Pérez-
Quintero et al., 2017), that integrate massive TALE-centered
‘omic’ information should facilitate even more comprehensive
inquiries, and help explore for example whether ‘divergent’
variants of a TALE group are predicted to gain the capacity
to induce a polymorphic version of the target in another rice
genome.

CONCLUSION

This work demonstrated that Malian Xoo populations circumvent
unresponsive alleles of the susceptibility gene OsSWEET14
by combining redundant talF and talC genes which makes
this type of resistance unsuitable for control of BLB in the
country. Genome sequence analysis further showed that most
contemporary Malian strains are highly related but nevertheless
harbor tal effector gene repertoires encoding polymorphic TALE
groups that have contrasted abilities to induce documented

susceptibility target genes, potentially underlying host adaptation
at a small evolutionary scale.

MATERIALS AND METHODS

Bacterial Strains, Growth Conditions and

DNA Isolation

The Xoo bacterial strains used in this study for leaf clipping
and infiltration assays were as follows: wild-type PXO86 (Vera
Cruz, 1989), BAI3 (Gonzalez et al., 2007), the BAI3 talC™
knockout derivative (Yu et al., 2011), a MAI1 Type III Secretion
System mutant and Malian Xoo strains (Poulin et al., 2015;
Tekete and Verdier, manuscript in preparation). The isolates
were maintained in 15% glycerol at —80°C. All Xoo strains were
cultivated on PSA (10 g/liter peptone, 10 g/liter sucrose, 1 g/liter
glutamic acid, 15 g/liter Bacto Agar) except BAI3 ATalC that was
grown on PSA supplemented with 50 pg/ml kanamycin. The
isolates were incubated at 28°C for 48 h.

For DNA extraction of Malian Xoo, two loops of bacterial
cultures grown on PSA were washed twice with sterilized water.
The genomic DNA was extracted using either the Wizard
genomic DNA purification kit (Promega) for Southern Blot
assays, or with the DNeasy DNA extraction kit (Qiagen)
for Pacific Biosciences single molecule real time sequencing
following the manufacturers’ instructions.

Leaf Clipping Assay

To evaluate the virulence of Malian Xoo strains, three lines of rice
were used: Kitaake wild-type, sweet14-32 (the TalC EBE edited
line) and sweet14-15 (the TalF and AvrXa7 EBEs edited line)
described in Blanvillain-Baufumé et al. (2017). Plants were grown
under greenhouse conditions under the following cycles of 12 h
of light at 28°C and 80% relative humidity and 12 h of dark at
25°C and 70% RH. For inoculation, 2 days old Xoo cultures were
resuspended in sterilized water and leaves of 6-week-old plants
were cut with scissors previously dipped in bacterial suspensions
at an OD600 = 0.2. The infected plants were kept in the green
house for 14 days until disease symptoms were evaluated by
measuring lesion length on leaves.

RNA Isolation and qRT-PCR

To assess the induction of the OsSWEETI14 gene, leaves of 3-
week-old plants were infiltrated with a needleless syringe with
sterilized water or bacterial suspensions at an OD600 adjusted to
0.5 in water. Segments of inoculated leaf were collected 48 h after
inoculation. Samples were ground into powder using the Qiagen
Tissue-Lyser system. Total RNA was extracted using Trizol
reagent (Invitrogen) following the manufacturer’s instructions.
After TURBO DNase treatment (Ambion), 1 jLg RNA was reverse
transcribed into cDNA using SuperScript III (Invitrogen). Real-
time PCR was carried on a Lightcycler 480 System (Roche)
with primer pairs specific for OsSWEET14, OsTFX1, OsERF#123
or EF-1 alpha (GenBank accession: GQ848072.1) as described
before (Blanvillain-Baufumé et al., 2017; Tran et al., 2018). Gene
expression was calculated using the 2~22Ct method with EF-
I alpha acting as a reference gene and the data from the water
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inoculated leaves of the corresponding rice genotype as the
reference condition.

Statistical Analysis

Statistical tests for mean comparisons were performed in R (R
Core Team, 2010) using standard functions. The R package
nlme (Pinheiro et al, 2017) was used to perform linear
mixed-effects modeling of OsSWEET14 expression with log;-
transformed qRT-PCR values computed as the response variable.
This transformation was necessary to ensure homogeneity. The
dataset included one value for each ‘strain’ and ‘rice line’ factor
combinations obtained from four independent replicates of the
whole experiment. The fixed effects of the final model included
the variables ‘strain’ and ‘rice line’ and their interaction term.
The structure of the random component consisted of a random
intercept and a random slope for the ‘rice line factor both
conditioned on a ‘replicate experiment ID’ factor. The procedure
for model selection and validation followed advices from Zuur
etal. (2009). Visual inspection of residual plots did not reveal any
major deviation from homoscedasticity or normality. For post hoc
analysis on the linear mixed effect model, pairwise comparisons
were performed on least-squares means computed using the R
package Ismeans (Lenth, 2016).

Southern Blot Analysis

Genomic DNA of the Malian Xoo strains was digested
by BamHI (New England Biolabs). The digested DNA was
separated in 1% agarose gel at 50 Volt for 72 h at 4°C
and transferred to a nylon membrane (Roche) overnight.
A 560 bp fragment corresponding to the coding sequence
of the N-terminal of TalF from MAIl was used as a
probe and PCR amplified using GCAGCTTCAGCGATCTGCTC
and TCAGGGGGGCACCCGTCAGT primers. DIG-High prime
DNA labeling and detection starter kit IT (Roche) was applied for
probe labeling, hybridization and detection procedures according
to the manufacturer’s instructions.

talC PCR Marker

To detect the presence of talC sequences in Xoo, a pair of
primers (forward TCTGCGTGCAGCCGATGACCC and reverse
CCACCAGTGCCTCGTGGTGCTG) was designed to anneal on
sites flanking the deleted region (Supplementary Figure S2) and
amplified a ~152 bp fragment from talC and a ~224 bp from
typical tal sequences. PCR used the GoTaq DNA Polymerase
(Promega) and thermal conditions were as follows: an initial
denaturation at 95°C for 5 min, followed by 28 cycles of
denaturation at 95°C for 30 s, annealing at 64°C for 30 s and
extension at 72°C for 1 min, followed by a final extension at 72°C
for 5 min. PCR amplicons were separated in 1.5% agarose gel at
100 V for 45 min.

Genome Sequencing and Assembly

The X. oryzae pv. oryzae genome sequences were obtained using
the SMRT technology (Eid et al., 2009). 20 kb SMRTbell templates
libraries were sequenced on a PacBio RS II instrument with
the P6-C4 chemistry at the Icahn Institute for Genomics and

Multiscale Biology (New York, NY, United States). For each
strain, 1-2 SMRT cells were employed to generate sequencing
data equivalent to more than 100x genome coverage. Genome
assembly was performed with version 3 of the HGAP pipeline
(Rank et al, 2013) using default parameters. Circularization
of the HGAP contigs was performed with Circlator (Hunt
et al, 2015). In some instances (MAI134, MAI95), it was
necessary to iteratively trim the ends of the initial HGAP contig
by 2 kb increments until Circlator successfully circularize the
sequence. For strain MAI99, circularization was achieved with the
minimus2 pipeline'. The absence of obvious structural anomaly
was manually verified by inspecting the coverage plot of mapped
reads on the SMRT View browser. Genome sequence finishing
included several rounds of Quiver polishing (RS_Resequencing
protocol) until the count of variant ceased to decrease in
additional polishing rounds.

Polished sequenced were submitted to GenBank under the
accession numbers indicated in Table 1 and automatically
annotated with the NCBI Prokaryotic Genome Annotation
Pipeline. The displayed multiple- whole genome alignment was
generated with progressiveMauve and visualized using Mauve
2.4.0 (Darling et al., 2010).

Phylogenetic Analysis

In addition to the Malian genome sequences determined
in this study, the following reference genomes (with GB
accession or Bioproject ID) where obtained from GenBank:
Xoo MAI1 (PRJNA427174), Xoo CFBP1947 (NZ_CP013666),
Xoo, BAI3 (PRJNA427174), Xoo NAI8 (NZ_AYSX01000001.1),
Xoo PXO99A (NC_010717.2), Xoo PXO86 (NZ_CP007166.1),
Xoo KACC10331 (AE013598.1), Xoc BLS256 (NC_017267.2),
Xoc RS105 (NZ_CP011961.1), Xoc CFBP7341 (NZ_CP011959.1),
Xoc CFBP7342 (NZ_CP007221.1), X. campestris NCPPB4346
(NZ_LHUKO01000001.1), X. oryzae X11-5A (LHUJ01000001.1).
The core genome SNPs matrix for strains under analysis was
generated with the aligner module parsnp of the Harvest suite
v1.1.2 (Treangen et al., 2014) enabling the -x flag to filter out
SNPs in regions of recombination. Phylogeny reconstruction
was conducted with RAXML version 8.2.9 (Stamatakis, 2014)
using the following relevant parameters: -V -T 5 -f -N 1000 -m
ASC_GTRCATX -asc-corr = lewis.” For tree inference, RAXML
was run in the rapid Bootstrap analysis and search for best-
scoring ML tree mode with 1,000 bootstrap replicates and SNP
ascertainment bias correction. The GTR model of nucleotide
substitution without rate heterogeneity and invariant site was
selected based on preliminary tests with jModeltest 2.1 (Darriba
et al,, 2012). Trees manipulation and display were performed
using the R packages ape (Paradis et al.,, 2004) and ggtree (Yu
etal., 2017).

TALE Analysis

Genomes were scanned for presence of TALE coding sequences.
This was made using both a hidden a hidden Markov model built
from sequences from TALE (Finn et al., 2015) as well as blast

Thttps://github.com/PacificBiosciences/Bioinformatics-Training/wiki/
Circularizing-and-trimming
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(Altschul et al., 1997). CRRs and RVD sequences were extracted
using an in-house perl script that identified the first seven
amino-acids for each repeat based on known repeat sequences as
included in the QueTAL suite (Pérez-Quintero et al., 2015).

Alignments of coded TALE sequences were made using the
program Arlem (Abouelhoda et al.,, 2010), as implemented in
DisTAL as previously described (Pérez-Quintero et al., 2015), the
program was modified to output alignment scores normalized by
alignment length. DisTAL was also modified to output groups of
TALEs and multiple alignments for each group. The modified
version can be found at https://sourceforge.net/projects/tal-
evolution-scripts/ and will be added to the QueTAL suite. Groups
of TAL effectors were defined by cutting a DisTAL tree at a height
equivalent to a score of 4.8 (roughly equivalent to 75% of the
alignment consisting of highly similar repeats).

Heatmaps and alignment visualizations were created using the
complexHeamap package’. For alignments showing color-coded
repeat as those in Figures 5, 6B, a vector of colors was generated
based on positions and distances of unique repeats in a NJ tree,
for this, the tree was cut at a height equivalent to 95% amino-
acid identity, and unique colors were assigned to each resulting
subgroups of repeats. Colors were assigned based on the position
of each subgroup in a tree using the hue_pal function of the
scales package’. All other figures were generated using the ggplot2
package®.
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FIGURE S1 | Scatter plot of the virulence of Malian strains on O. glaberrima cv.
CG14 bearing xa41(t) versus the susceptible reference line Azucena. Each strain is
represented by a colored point whose position reflects mean lesion length
obtained 14 days after leaf clipping inoculation of CG14 (y-axis) or Azucena
(x-axis). Vertical and horizontal error bars correspond to the standard error of the
mean on CG14 and Azucena, respectively. The color of the dots matches the year
of isolation of the strain (see color key on the plot). This graph aggregates data
obtained in the course of four independent experiments. Each strain has been
tested in at least two independent experiment and the statistics were computed
based on at least three replicate measurements.

FIGURE S2 | The talC gene contains a 69 nucleotides deletion in the coding
sequence of the N-terminal domain. Alignment of MAI1 tal coding sequences.
Numbers on the right refer to positions relative the fist nucleotide of the initiation
codon. The binding sites for the primers used for PCR amplification are depicted
by underlined regions of the talC sequence.

FIGURE S3 | Pairwise counts of polymorphic SNPs across X. oryzae genomes
included in the phylogenetic analysis. Counts were obtained by applying the
dist.dna function from the ape package with the value ‘N’ to the model parameter
to pairs of genomes in the multiple SNP alignment file generated by parsnp and
that included 129,898 SNPs. Rows and columns are in the same order than tips in
the RAXML tree of Figure 4.

FIGURE S4 | Whole genomes alignment of African Xoo strains. Snapshot of the
display generated by Mauve.

FIGURE S5 | Graphical view of the location of tal genes in sequenced genomes of
Malian Xoo strains.

FIGURE S6 | Diversity of African Xoo strains TALE repeat units sequence variants
found in each TALE group. Within each TALE group (columns) and across strains
(rows), individual cell colors code for distinct repeat units sequence variants as
defined by DisTAL. The number following the pound sign in the label of the TALE
groups designates the total number of unique variants found for this group in this
genome set.

FIGURE S7 | DisTALE alignments of African TALE groups variants. Each
multiple-alignment corresponds to a TALE group. On the left, repeat sequences
are aligned using the formalism of Figure 5. On the right the same alignments are
colored and labeled based on strings of DisTALE unique repeat ID numbers.

FIGURE S8 | Fractions of shared predicted targets between TALEs of the same
group. The 99 RVD sequences of African TALEs were used to predict the best
500 target EBEs with Talvez 3.1 in the promoterome of Nipponbare (sequences on
both strands of the 500 bp upstream the annotated start codons of the MSU7
annotation). The resulting table was used to systematically compute the
percentage of shared predicted targets between TALEs of the same group. This
ratio was obtained by dividing the cardinality of the intersection of the set of
unique gene targets predicted for the TALE variant in row and the set of unique
gene targets predicted for the TALE variant in column by the cardinality of the set
of unique gene targets predicted for the TALE variant in row. Note that the
resulting matrix is not symmetric because some TALEs have several EBEs
predicted on the promoter of the same gene.

FIGURE S9 | Talvez prediction results of selected TalB and TalF variants for
previously documented targets of members of these TALE groups. (A) Network
representation of predictions. Edge thickness and color encode Talvez prediction
score values. Edges are labeled with the rank of the rice gene in Talvez predictions
for the corresponding TALE variant. (B) Table representation of the corresponding
Talvez predictions.

TABLE S1 | Positions of tal gene coding sequences in the genomes of African
Xoo strains.
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Genome editing technologies have progressed rapidly and become one of the most
important genetic tools in the implementation of pathogen resistance in plants.
Recent years have witnessed the emergence of site directed modification methods
using meganucleases, zinc finger nucleases (ZFNs), transcription activator-like effector
nucleases (TALENSs), and clustered regularly interspaced short palindrome repeats
(CRISPR)/CRISPR-associated protein 9 (Cas9). Recently, CRISPR/Cas9 has largely
overtaken the other genome editing technologies due to the fact that it is easier to
design and implement, has a higher success rate, and is more versatile and less
expensive. This review focuses on the recent advances in plant protection using
CRISPR/Cas9 technology in model plants and crops in response to viral, fungal and
bacterial diseases. As regards the achievement of viral disease resistance, the main
strategies employed in model species such as Arabidopsis and Nicotiana benthamiana,
which include the integration of CRISPR-encoding sequences that target and interfere
with the viral genome and the induction of a CRISPR-mediated targeted mutation in the
host plant genome, will be discussed. Furthermore, as regards fungal and bacterial
disease resistance, the strategies based on CRISPR/Cas9 targeted modification of
susceptibility genes in crop species such as rice, tomato, wheat, and citrus will be
reviewed. After spending years deciphering and reading genomes, researchers are
now editing and rewriting them to develop crop plants resistant to specific pests and
pathogens.

Keywords: CRISPR/Cas9, crop improvement, genome editing, disease resistance, virus, fungus, bacteria

INTRODUCTION

Plant breeding has been the most successful approach for developing new crop varieties since
domestication occurred, making possible major advances in feeding the world and societal
development. Crops are susceptible to a large set of pathogens including fungi, bacteria, and
viruses, which cause important economic losses (FAO, 2017); the enhancement of plant resistance
plays an important role in adjusting crop production to meet global population increases.
Approaches to disease control that depend on resistant varieties and agrochemicals are usually
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highly effective whenever they are deployed. However, due
to the high evolutionary potential of many plant pathogens,
novel genotypes no longer sensitive to the resistance gene or
the phytosanitary product can rapidly emerge via mutation or
recombination. When this happens, particular disease control
approaches can rapidly be rendered ineffective as the novel
genotypes increase in frequency through natural selection and
quickly spread to other locations, causing failure of control over
large geographic areas.

An understanding of interactions between plants and
communities of bacteria, fungi, and other microorganisms
has been a major area of investigation for many years. The
advent of high-throughput molecular technologies has made
a more complete inventory of the pathogens associated with
particular crops possible, and provided insight into how these
communities may be affected by environmental factors and the
crop genotype. Disease involves a complex inter-play between
a host plant and a pathogen, and the resistance/susceptibility
response can involve several components. Natural and induced
mutations may change the interaction and inhibit certain steps
in the mechanism of infection (Boyd and O’Toole, 2012;
Dracatos et al., 2018).

During pre-genomic years, traditional breeding programs
were based on the identification of natural and induced mutant
alleles for resistance, and their incorporation into elite genotypes
through breeding techniques. These approaches were uncertain
and imprecise, leading for instance to the transfer of large genome
regions instead of just single gene insertions. Nevertheless,
mutation breeding methods have been quite successful in
improving disease resistance, and traditional plant breeding
has been used to generate new crop varieties for decades.
Numerous mutants have been developed through mutation
induction, showing enhanced resistance to various diseases.
Among the most widely known mutants are those induced at
the mildew resistance locus (MLO) in barley for resistance to
powdery mildew (Miklis et al., 2007), and mutations conferring
resistance to several lettuce diseases (Christopoulou et al., 2015).
The mlo mutant is interesting, as the allele has not broken
down and has provided unprecedented resistance to mildew
for two decades (Panstruga and Schulze-Lefert, 2002). This
longevity is due to a gene knockout. In other cases where
resistance to specific pathotypes is conferred by a specific
host gene allele, mutagenesis needs to be deployed to provide
more precise single nucleotide mutations in the target gene
sequence.

The revolution driven by the availability of genome and
transcriptome sequences offers a new start for plant breeding
programs. Association genetics based on single nucleotide
polymorphisms (SNPs) and other molecular markers are
spreading in plant breeding, creating high throughput data
fundamental for the identification of quantitative trait loci (QTL).
Major QTL are employed in crops to provide quantitative
resistance to pathogens, together with the use of major resistance
(R) genes introduced into varieties with superior agronomic
characteristics.

New breeding techniques (NBTs) are attracting attention
in plant research and concern many different areas, such

as developmental biology, abiotic stress tolerance or plant-
pathogen resistance (Nelson et al, 2018). NBT include the
most recent and powerful molecular approaches for precise
genetic modifications of single or multiple gene targets. They
employ site-directed nucleases to introduce double stranded
breaks at predetermined sites in DNA. These breaks are
repaired by different host cell repair mechanisms, resulting
either in small insertions or deletions via near homologous
end-joining (NHE]) or micro-homology-mediated end-joining
(MMEJ), or in a modified gene carrying predetermined
nucleotide changes copied from a repair matrix via homologous
recombination (HR). Meganucleases (MNs), zinc finger nucleases
(ZFNs), transcription activator-like effector nucleases (TALENS),
and clustered regularly interspaced short palindrome repeats
(CRISPR)/CRISPR-associated protein 9 (Cas9) correspond to the
four types of nucleases used in genome editing. The exponential
increase in publications reporting the use of CRISPR/Cas9
illustrates the fact that this technology requires less know-how
and financial means and has a higher success rate in gene
modification compared to the other available nucleases. The
application of CRISPR/Cas9 editing has become a powerful tool
for future enhancement of agronomic traits in crops (Mohanta
etal., 2017).

The objective of this review is to recall the main features
of the CRISPR/Cas9 genome editing technique and discuss its
application for the enhancement of pathogen resistance in model
plants and important crops, with a focus on rice, wheat, and
maize.

CRISPR/Cas9: ADVANCES,
LIMITATIONS, AND NEW
COMBINATIONS

CRISPR/Cas9 from Streptococcus pyogenes (SpCas9) has rapidly
assumed an important role in different application areas of
plant research and many other fields (Ding et al., 2018; Liu
and Moschou, 2018). In the CRISPR/Cas9 system a single-
guide RNA (sgRNA) can bind to Cas9 and target it to specific
DNA sequences (Figure 1). The requirement of a protospacer
adjacent motif (PAM) limits the possible target sequences in
a gene of interest. This limitation is of minor importance if
the aim is simply to inactivate a gene by targeted mutagenesis
at any position. It has much more importance for genome
editing aiming at the precise change of specific nucleotides
in a gene. Consequently, major efforts are under way to
find Cas9-like proteins with different PAM sequences or to
engineer the original Cas9 from S. pyogenes to recognize
other PAM sequences. For example, xCas9, an evolved version
of SpCas9, has been shown to recognize a broad range of
PAM sequences including NG, GAA, and GAT in mammalian
cells (Hu et al., 2018). In plants, the most widely explored
alternative to SpCas9 is Cpfl from Prevotella and Francisella
with the PAM sequence TTTV, where “V” is A, C, or G
(Endo et al, 2016), and an illustrative diagram is shown in
Figure 1. Cpfl is also considerably smaller than Cas9, is capable
of RNAse activity to process its guide RNA, and introduces
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FIGURE 1 | lllustrative diagram of Cas9 and Cpf1 activities. The target specificity is given by the 17-20 nt located at the 5" end of the sgRNA sequence. (A) Primary
transcript and gRNA-nuclease (Cas9 or Cpf1) complex formation. The catalytic domains are RUV-C (light blue) and HNH (yellow) for Cas9 and RUV-C for Cpf1. The
Cas9 is colored in light blue and the Cpf1 in dark blue; in black is represented the gRNA for gene targeting. (B) Gene target activity. Cas9 has 5'-NGG-3' PAM
sequence (blue bars) and Cpf1 has &'-TTTV-3' PAM sequence (green bars). (C) DNA ends after nuclease activity. Cas9 lead to blunt-end and Cpf1 to sticky-ends.

Cpfl

5-TTTV-3'

STICKY-END

a staggered double break, which can be useful for enhancing
homology-directed recombination and generating efficient gene
insertion.

MULTIPLEX GENOME EDITING: WHEN
DOES IT BECOME USEFUL?

The ease of multiplexing, i.e., the simultaneous targeting of
several genes with a single molecular construct, is one of
the major advantages of CRISPR/Cas9 technology with respect
to MN, ZFN, or TALEN. For example, the simultaneous
mutation of 14 different genes by a single construct has
been demonstrated in Arabidopsis (Peterson et al.,, 2016). In
crops, several multiplex genome editing (MGE) strategies were
reported early on (Ma et al, 2014; Xing et al., 2014; Zhou
et al,, 2014; Xu et al, 2016), which were all based on a
common strategy, i.e., the assembly of multiple gRNAs under
the control of a U3 or U6 promoter into a single construct.
In maize, the ISU Maize CRISPR platform (Char et al., 2017)
permits the cloning of up to four gRNAs for multiplex gene
targeting.

More recent multiplex systems exploit self-cleavage capacity
of RNA molecules containing tRNA sequences. Constructs
alternating sgRNA and tRNA sequences under the control
of a single U3 or U6 promoter permit reduction of the
size of the construct and limit the risk of silencing due to
direct repetitions of promoter sequences. The use of such a
strategy employing polycistronic tRNA-gRNA (PTG) to generate
hereditable mutation in TaLpx-1 and TaMLO genes has been
reported in hexaploid wheat (Wang et al., 2018); the PTG system
is described in Figure 2. Starting from a previous study on gene
silencing of TaLpx-1, which encodes the wheat 9-lipoxygenase
resistance gene to Fusarium graminearum (Nalam et al., 2015),
the editing of homologs in wheat was tested. The PTG system
containing gRNA activity was validated in wheat confirming gene
editing efficacy and providing an effective tool for rapid trait
pyramiding in breeding programs.

Recently, an alternative approach for MGEs based on PTG
has been reported in rice, where crRNA transcription was
obtained from introns inserted into Cpfl and Cas9 sequences
(Ding et al., 2018). Multiplex PTG/Cas9 systems can help with
multigene family analysis, as reported for the closely related
mitogen-activated protein kinase MPKI and MPK6 in rice
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FIGURE 2 | lllustrative diagram of polycistronic tRNA-gRNA (PTG) gene construct and targeting activity for Cas9. PTG is composed of t-RNA-gRNA repeats and is
upregulated by ZmU6 promoter or TaU3 promoter according the experimental design as different terminator region (T) are adopted. (A) PTG primary transcript.
Endogenous endonuclease cuts the tRNA ends and let each tRNA-gRNA targeting the corresponding gene sequence. (B) In PTG system more sequence targets
are available (n° gene targets) and the different gRNA are represented in different colors (orange, pink, and green).

(Minkenberg et al., 2017). 67% of all lines were double mutants
for MPK genes with a high frequency of biallelic mutations
on multiple target sites. The possibility of programming the
PTG/Cas9 to delete chromosomal fragments could be adopted
to remove genes and regulatory elements in order to produce
transgene free plants.

OFF-TARGET MUTATIONS: FREQUENCY
AND LIMITATIONS

High specificity is frequently put forward as a major argument
in favor of CRISPR/Cas9 technology, for example in comparison
to chemically or irradiation-induced mutagenesis. This raises
the question of to what extent a gRNA targets only fully
complementary genomic DNA sequences, and to what extent
other genomic regions (off-target regions) can also be recognized
and cleaved by the CRISPR/Cas9 tool, provoking potentially
unwanted damage. Two types of off-target effects are evoked
by scientists and regulatory agencies: (i) expected off-target in
genome regions with high sequence similarity to the target
and (ii) unexpected off-target in unrelated genome regions.
The former is generally addressed by PCR amplification and
sequencing of regions known to be similar to the target, the latter
by whole genome sequencing (Feng et al., 2016).

Genome sequence information is necessary for the prediction
of expected off-target effects. The search focuses on the 20 bp

target sequence involved in base pairing with the gRNA
but excludes the PAM 5-NGG-3'. The PAM functions as a
recognition site outside of the targeted element and does not give
specificity for nuclease cleavage (Shah et al.,, 2013). Moreover,
the CRISPR/Cas9 system accepts at least three mismatches in
the 20 bp DNA target sequence. Most CRISPR/Cas9 design
tools take this into account and propose only specific gRNA
designs that do not bind theoretical off-target sites with more
than 17 bp identity anywhere else in the genome. Such state-of-
the art design is effortless if the gene is unique in the genome,
but it becomes rather challenging if the gene has one or more
paralogs. This also means that the design is generally easier for
diploid genomes without recent duplications than for recently
duplicated or polyploid genomes. In silico genome analysis of
potential target sequences in dicots and monocots has confirmed
that, as expected, larger genomes contain more PAMs and more
potential targets (Bortesi et al., 2016). High specificity of between
87.3% and 94.3% was observed in relatively simple genomes of
Arabidopsis, rice, tomato, and soybean, whereas maize, a recent
allotetraploid with high levels of repetitive DNA, revealed only
29.5% specific targeting (Bortesi et al., 2016).

Analysis of expected off-target sites, with only one to several
mismatches with the primary target, has revealed that the
position of the mismatches in the sequence is significant.
Mismatches in the seed sequence (“seed” is defined as the
12 bp close to the PAM) are generally not supported or poorly
supported by the sgRNA/Cas9 complex (Tsai et al., 2015), causing
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mutation less frequently at off-target sites, although in some cases
mutations have been observed, as in barley (Lawrenson et al.,
2015), soybean (Jacobs et al., 2015), and rice (Xie and Yang,
2013). Unwanted off-target mutations become more frequent
when mismatches are located far from the seed region (Zhang
etal., 2014).

To clarify the off-targeting issue in crops, recent investigations
have screened progenies of CRISPR/Cas9 knockout in polyploid
species. A study of CRISPR mutation frequency and mutation
heritability of TaGW2, TaLpx-1, and TaMLO genes in the
allohexaploid wheat was conducted (Wang et al., 2018). The
results were different for the three genes: highly conserved
for TaGW2 (target sequence was specific for all three
genomes), moderate for TaLpx-1 (target sequence specific
in two genomes), and low for TaMLO. The study showed
the flexibility of CRISPR/Cas9 technology for implementing
complex gene editing where the majority of genes have more
than three homologous copies. Also, the gene editing process
was investigated across generations: new mutant variants
were recovered across multiple gene targets suggesting the
transgenerational activity of CRISPR/Cas9 (Wang et al., 2018).

Another study on target accuracy and efficiency was
performed in rice on paralogs OsBEIIb and OSBEIIa (Baysal et al.,
2016). The study reveals the discrepancy in gRNA prediction
and mutagenesis efficiency, confirming that gRNA with low
predicted efficiency can achieve high mutation frequency even
though the prediction suggested different targets with high
mutagenesis scores. Empirical testing seems necessary in order
to avoid putative gRNA inefficiency. Moreover, the authors also
investigated off-target mutagenesis, reporting no mutation in the
OSBElIIa paralog when only OsBEIIb was targeted, confirming the
high accuracy of the strategy. CRISPR accuracy has been shown
also in tomato (Cermék et al., 2015; Pan et al., 2016; Nekrasov
etal., 2017).

To conclude, the CRISPR/Cas9 complex can bind with lower
efficiency sequences with one to three mismatches. Therefore,
expected off-target mutations do occur but can be avoided by
rigorous design of the CRISPR/Cas9 tool. Unexpected off-target
mutations do not occur at a frequency above the spontaneous
mutation rate of plants.

PLANT TRANSFORMATIONS:
CONVENTIONAL AND ALTERNATIVE
TECHNIQUES

The bottleneck in the application of CRISPR/Cas9 technology
to a wide range of crops is clearly the regeneration of fertile
plants from the cells into which the CRISPR/Cas9 tool has been
introduced (Altpeter et al., 2016). Consequently, the efficiency of
the entire process remains very species- and genotype-dependent,
meaning that in many crop species only a few lab varieties
are accessible to CRISPR/Cas9 technology. Other important
parameters are the quality of the design of the CRISPR/Cas9
tool and the method chosen for its introduction into the
plant cell. As in conventional transgenesis, the introduction of

the CRISPR/Cas9 tool can be achieved by the Agrobacterium-
mediated and biolistic transformation of explants, or by direct
transformation of protoplasts. The latter two systems have the
advantage that not only can the DNA coding for Cas9 and the
sgRNA be transferred, but this also applies for ribonucleoproteins
(RNPs), i.e., an in vitro assembled complex of Cas9 protein with
an sgRNA (Malnoy et al,, 2016; Svitashev et al., 2016; Liang et al.,
2017), or intermediate versions such as a DNA or RNA coding for
Cas9 and an RNA representing the sgRNA (Svitashev et al., 2015;
Zhang et al., 2016). In addition, both biolistics and direct DNA
transfer permit an increase in the ratio of repair matrix DNA
over DNA encoding Cas9 and sgRNA readily, thereby favoring
HR over NHEJ/MME].

In maize, ISU Maize CRISPR is a high efficiency public
platform using Agrobacterium-mediated transformation (Char
et al., 2017). The main genotypes used for immature embryo
transformation are A188, A634, H99, W117 (Ishida et al., 2007),
B104 and the hybrid Hi-II (Char et al., 2017). Private companies
seem to prefer biolistic transformation to Agrobacterium-
mediated transformation in the case of gene editing with donor
template (Shi et al.,, 2017), particularly where multiple copies
of donor template DNA molecules can be delivered (Svitashev
et al., 2015). Even though both transformation processes have
decent efficiencies nowadays, they remain limited to the above
genotypes with poor agronomic traits. This limitation has
recently been overcome by the overexpression of Baby boom
(Bbm) and Wuschel2 (Wus2) genes, which stimulated callus
growth and increased the overall transformation frequency in
maize, including in recalcitrant genotypes. Proof of concept has
also been provided for enhanced transformation in sorghum
(Lowe et al., 2016).

In rice, most genotypes can easily be transformed both
via Agrobacterium-mediated transformation and by biolistic
methods. In order to achieve CRISPR-mediated HR the DNA
template is normally introduced via the biolistic method to
increase its copy number in the host (Baysal et al., 2016). As
for maize, but involving a higher number of studies, protoplast
transient assay is becoming an efficient tool for testing CRISPR-
target before starting the transformation of embryos or scutellum
derived calli by Agrobacterium or particle bombardment (Gao
etal,, 2013; Jiang et al., 2013; Xie and Yang, 2013; Zhou et al., 2014;
Lowder et al,, 2015; Li et al., 2016; Luo et al., 2016; Wang et al,,
2016). Regeneration of rice protoplasts is still very challenging,
but important optimization efforts may render it feasible in
the near future. In wheat, although very high Agrobacterium-
mediated transformation efficiencies of up to 90% have been
reported for specific wheat genetic backgrounds (Ishida et al.,
2015a,b), particle bombardment has been more widely accepted
as the standard method in wheat genetic transformation (Hakam
et al, 2015 Wang et al, 2018). Remarkable success has
been achieved by particle bombardment of both immature
embryos and callus cells to obtain transient expression of the
CRISPR/Cas9 DNA, and transgene-free homozygous mutant T0O
plants have been generated in the absence of any selection (Zhang
et al., 2016). Three studies have reported CRISPR mutagenesis
in barley by using Agrobacterium-mediated transformation of
immature embryos (Lawrenson et al., 2015; Holme et al., 2017;
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Kapusi et al., 2017), while in Kapusi et al. (2017) a comparison
with particle bombardment was carried out. Higher numbers
of mutants were reported with the Agrobacterium-mediated
compared to the biolistic transformation approach.

In conclusion, although preferences for certain delivery
methods exist for certain species, efficiency is not only linked
to the technique itself, but also to the know-how of a
given lab as regards a given technique. Polyethylene glycol
(PEG) or electroporation-mediated DNA transient expression
in protoplasts have proven very useful for the evaluation of
the efficiency of CRISPR/Cas9 designs (Malnoy et al., 2016).
The importance of preliminary screens will certainly increase
with the foreseeable shift from targeted mutagenesis to repair
matrix based genome editing, which will increase the number
of events to analyze due to lower efficiency. RNP technology has
been established in plants and may help toward exemption from
regulatory oversight, but its efficiency needs to be improved to
make it a routine tool.

CRISPR/Cas-BASED STRATEGIES
CONFERRING BIOTIC RESISTANCE

Biotic stresses including viral, fungal, and bacterial diseases
are responsible for losses ranging from 20% to 40% of global
agricultural productivity (Savary et al., 2012). Conferring host
plant resistance to pathogens can reduce the impact of disease on
crop development and yield, thereby addressing the challenge of
feeding the world’s growing population.

Advances in genome editing tools have opened new ways to
achieve the improvement of resistance in crops. In recent years,
the CRISPR/Cas system has been employed to respond to several
agricultural challenges, including the achievement of improved
biotic stress resistance (Arora and Narula, 2017). The application
of CRISPR/Cas tools has mainly been explored against virus
infection, followed by efforts to improve fungal and bacterial
disease resistance. Recent studies demonstrating the power of
the CRISPR/Cas technology in establishing resistance to these
pathogen categories will be further discussed below.

Virus Resistance via CRISPR/Cas

Plant viruses are a serious threat to many economically important
staple and specialty crops. Based on their genome nature, they are
classified into six major groups: double-stranded DNA (dsDNA)
viruses with no plant viruses in this group, single-stranded DNA
(ssDNA), reverse-transcribing viruses, double-stranded RNA
(dsRNA), negative sense single-stranded RNA (ssRNA—), and
positive sense single-stranded RNA (ssRNA+) viruses (Roossinck
et al., 2015). Most studies involving CRISPR-edited plants for
virus resistance have targeted ssDNA geminivirus genomes (Ali
etal., 2015, 2016; Baltes et al., 2015; Ji et al., 2015) (Table 1).
Geminiviridae is a large family of plant viruses causing
worldwide crop losses among several important families,
such as Cucurbitaceae, Euphorbiaceae, Solanaceae, Malvaceae,
and Fabaceae (Zaidi et al., 2016). The virus genome is
replicated through a rolling-circle amplification mechanism
via a dsDNA replicative form, or by recombination-mediated

replication (Hanley-Bowdoin et al., 2013). The most important
genus of geminiviruses in economic terms is Begomovirus.
Begomoviruses infect dicotyledonous plants via the sweet
potato/tobacco/silverleaf whitefly (Bemisia tabaci) and are mainly
found associated to the phloem of infected plants (Gilbertson
et al,, 2015). Their genome is organized in one (A, monopartite)
or two (A and B, bipartite) components containing a common
region of ~220 bp (Fondong, 2013).

The first two studies focusing on resistance to geminiviruses,
beet severe curly top virus (BSCTV) and bean yellow dwarf virus
(BeYDV) in model plants N. benthamiana and Arabidopsis were
reported by Baltes et al. (2015) and Ji et al. (2015) (Table 1).
Ji et al. (2015) screened 43 candidate sgRNA/Cas9 target sites
in coding and non-coding regions of the BSCTV genome.
All the sgRNA/Cas9 constructs reduced virus accumulation in
inoculated leaves at varying levels, but a greater resistance
to virus infection was observed in Nicotiana and Arabidopsis
plants showing the highest levels of expression of Cas9 and
sgRNAs. Similar findings were described by Baltes et al. (2015),
who employed 11 sgRNAs targeting Rep motifs, Rep-binding
sites, hairpin, and the nonanucleotide sequence of BeYDV, and
reported up to 87% reduction in the targeted viral load in
N. benthamiana.

Two recent works have also employed a CRISPR/Cas9
approach for achieving resistance to begomoviruses (Ali et al.,
2015, 2016) (Table 1). Both studies were based on the strategy
of expressing the CRISPR/Cas9 system in the host cell nucleus
to target and cleave the virus genome during replication. Ali
etal. (2015) developed sgRNA molecules delivered via a tobacco
rattle virus (TRV) vector into N. benthamiana plants stably
overexpressing the Cas9 endonuclease. SgRNAs were specific
for different tomato yellow leaf curl virus (TYLCV) coding
and non-coding sequences, targeting the viral capsid protein
(CP), the RCRII motif of the replication protein (Rep) and the
intergenic region (IR). All sgRNAs were able to interfere with
TYLCV genome sequences, but targeting the stem-loop invariant
sequence contained in the IR caused a more significant reduction
of viral replication and accumulation. The same CRISPR/Cas9
system was tested for targeting simultaneously the monopartite
beet curly top virus (BCTV) and the bipartite Merremia mosaic
virus (MeMYV), geminiviruses that share the same stem-loop
sequence in the IR. The results showed attenuated symptoms for
both viruses, demonstrating that mixed infection immunity can
be developed via a single sgRNA specific for conserved sequences
of multiple viral strains.

Furthermore, Ali et al. (2016) analyzed not only the targeting
efficiencies of the CRISPR/Cas9 tool but also the emergence of
mutated viruses capable of replication and systemic movement.
The CRISPR/Cas9 tool was designed to interfere with different
coding and non-coding sequences of cotton leaf curl Kokhran
virus (CLCuKoV), MeMYV, and different severe and mild strains
of TYLCV. The work revealed that when the sgRNA/Cas9
complex edited sites in the coding regions of all viruses, virus
variants were generated capable of replicating and moving
to escape the CRISPR/Cas9 machinery. Conversely, no novel
variants were detected in N. benthamiana plants carrying sgRNAs
addressing the IR sequences. Even though the NHE]J machinery
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repaired the double strand breaks caused by the Cas9 protein, the
IR-repaired variants generated virus genomes unable to replicate,
thus providing a better overall interference with the viral life
cycle.

Protection against RNA viruses has seemed more difficult
to achieve, since the classical SpCas9 from Streptococcus
pyogenes only recognizes dsDNA. However, the search for and
characterization of related nucleases has led to the discovery
of enzymes that can bind to and cut RNA, such as FnCas9
from Francisella novicida or LwaCasl3a from Leptotrichia wadei.
A first report demonstrating resistance to RNA viruses (Zhang
et al., 2018) (Table 1) expressed FnCas9 and RNA-targeting
sgRNAs specific for cucumber mosaic virus (CMV) and tobacco
mosaic virus (TMV) in N. benthamiana and Arabidopsis plants.
Transgenic plants showed CMV and TMV accumulation reduced
by 40-80% compared with control plants. Furthermore, the
resistance obtained by expressing the sgRNA-FnCas9 system was
quite stable and still active in the T6 generation. Importantly,
Zhang et al. (2018) observed that the endonuclease activity of
FnCas9 was not required for interference with the CMV genome,
whereas its RNA-binding activity was essential, meaning that this
particular application of FnCas9 can be considered as a CRISPR
interference (CRISPRi) tool, similar to catalytically inactive
SpCas9 proteins programmed to mitigate gene expression
(Larson et al., 2013). The use of a catalytically inactive variant of
FnCas9 has the advantage of limiting the onset of mutated viral
variants capable of escaping CRISPR/Cas9. Moreover, in contrast
with the previously described interference with geminivirus
replication in the nucleus, no nuclear localization signal is
necessary for FnCas9, which interferes with the RNA viruses in
the cytoplasm.

Similar work has been carried out with Casl3a. Aman et al.
(2018) exploited this RNA-guided ribonuclease to manipulate
the turnip mosaic virus (TuMV) RNA genome (Table 1). Four
different viral genomic regions were targeted: two targets in
the green fluorescent protein (GFP) region, one in the helper
component proteinase silencing suppressor (HC-Pro), and one
in the coat protein (CP). The most efficient virus interference was
observed with CRISPR RNA editing HC-Pro and GFP2 genes and
resulted in a reduced replication and spread of TuMV in tobacco
leaves. Furthermore, due to the innate ability of Cas13 to process
pre-CRISPR RNA into functional CRISPR RNA, the multiplex
targeting of several viral mRNA could be markedly improved
through this alternative system (Aman et al., 2018).

All the systems aiming at protection against viruses described
so far require the maintenance of a transgene for Cas9 and
sgRNA in the genome of the crop plants, rendering them subject
to genetically modified organism (GMO) regulation. A second
strategy for the achievement of viral disease resistance consists
in modifying plant genes that will generate virus resistance traits,
to segregate the CRISPR/Cas9 tool and to release non-transgenic
mutants in the field (Chandrasekaran et al., 2016; Pyott et al.,
2016; Macovei et al., 2018) (Table 1). Plant host factors are
required by RNA viruses to maintain their life cycle, including
the eukaryotic translation initiation factors eIF4E, elF(iso)4E
and eIF4G (Sanfacon, 2015). Chandrasekaran et al. (2016)
developed cucumber plants resistant to potyviruses by mutating

independently two different sites of the host susceptibility gene
elF4E by CRISPR/Cas9. Non-transgenic Cucumis eif4e mutant
plants were obtained by segregation of the CRISPR/Cas9 tool
by three generations of backcrossing, making these plants safe
for human consumption and for release into the environment,
according to the authors. When challenged with viruses from
the Potyviridae family, cucumber vein yellowing virus (CVYV),
zucchini yellow mosaic virus (ZYMV), and papaya ring spot
mosaic virus-W (PRSV-W), homozygous eif4e mutants showed
immunity. Conversely, heterozygous knockout plants and non-
mutant plants did not reveal any resistance to these viruses.

A similar editing approach was utilized by Pyott et al. (2016)
in order to introduce site-specific mutations at the closely related
elF(iso)4E locus in Arabidopsis plants. Both 1 bp insertions and
1 bp deletions in elF(iso)4E conferred complete resistance to
the single-stranded RNA potyvirus (+ssRNA) TuMV and no
off-target modification was detected in this study. Furthermore,
homozygous T3 elF(iso)4E mutants did not significantly differ in
growth and development compared to wild-type plants.

Recently, Macovei et al. (2018) have developed new sources
of resistance to rice tungro spherical virus (RTSV) through
mutagenesis of eIF4G alleles in rice plants. The RTSV-resistant
T, plants obtained did not show any detectable mutation in the
off-target sites and were negative when tested for the presence
of Cas9. Furthermore, after inoculation with RTSV, agronomic
parameters such as plant height and grain yield were enhanced
in the edited rice plants compared to their wild-type counterparts
under glasshouse conditions.

The advantage of knocking out host susceptibility genes is
that this is a relatively simple method that renders following the
mutation easy. The loss of a host factor required for the viral
life cycle is a form of recessive resistance that should be more
durable than that of dominant R genes because viruses undergo a
lower selective pressure, preventing their evolution to hinder host
defense mechanisms. A possible disadvantage of the knockout
strategy is that it may negatively influence plant vigor, supporting
the selection of virus variants breaking the resistance, as already
observed in nature (Abdul-Razzak et al., 2009). Pyott et al.
(2016) and Macovei et al. (2018) did not observe any significant
difference in growth defects between mutants and normal plants,
although further investigations should be carried out in order to
test the durability of this edited recessive resistance.

Resistance to Fungi Through
CRISPR/Cas

Fungal pathogens are responsible for numerous diseases such as
mildew, smut, rust, rot and many more. These diseases not only
cause dramatic yield losses annually throughout the world but
also compromise the quality of the harvested products. Moreover,
mycotoxigenic fungi represent a serious concern due to the
production of secondary metabolites known as mycotoxins,
which cause severe health problems in humans and animals after
exposure to contaminated food and feed. Several strategies have
been evolved to enhance fungal resistance in plant species based
on the current knowledge of molecular mechanisms implicated in
plant-pathogen interaction. Potential candidate genes and gene
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crops such as grapevine and apple, which take several years to g
flower, the transient introduction of genome editing tools in %
protoplasts is particularly interesting, since the segregation of 5 o o o 5
stably integrated CRISPR/Cas9 cassettes by backcrosses would g s 3 2 % % 5
take a lot longer than in annual crops with generation times ks g . E ] gz g g 8
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process. Furthermore, even in transient approaches, the e =
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integration into the host genome, and the prolonged presence of g 3 5 S 3
CRISPR/Cas9 tools in the genome increases the risk of off-target & £ g g &_ &3 &
mutations, while the CRISPR/Cas9 RNP shows improved 5 -§ 2 § © © § 7,;5 § §
on-target specificity. The drawback of this approach is the need E é’. QE“J’ ? g @é’ g R s
to optimize plant regeneration protocols in order to apply this B E 3 é > o B g g S
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An example of the successful protection of grapevine by
the CRISPR/Cas9 system is the VwWRKY52 transcription factor,
which was targeted by four gRNAs (Wang et al., 2018) (Table 2).
About 21% of the transgenic plants showed biallelic mutations
and were more resistant to Botrytis cinerea compared to
the monoallelic mutants. No marked difference was observed
in phenotype between wild-type and biallelic mutant plants,
confirming the efficiency of the CRISPR/Cas9 strategy in woody
plants with long reproductive cycles.

A further strategy to expedite genome editing application
in slow generation tree crops is the employment of transient
leaf transformation coupled to disease assays as demonstrated
in Theobroma cacao (Fister et al., 2018) (Table 2). The
authors reported for the first time the transient introduction
of CRISPR/Cas9 components into cacao leaves targeting
the Non-Expressor of Pathogenesis-Related 3 (NPR3) gene,
a suppressor of the immune system, and obtained leaves
with increased resistance to Phytophthora tropicalis. This
new system of in vivo mutagenesis in adult cacao trees
is a fast and wuseful technique for validating sgRNA
design and observing CRISPR mutagenized phenotypes. It
encouraged the authors to regenerate genome-edited somatic
embryos to validate the observed results at whole-plant
level.

Plants resistant to rice blast disease were generated through
CRISPR/Cas9 by disrupting OsERF922 and OsSEC3A genes in
rice (Wang et al., 2016; Ma et al., 2018) (Table 2). Ossec3a mutant
plants disrupted in a putative subunit of a complex involved in
exocytosis, revealed a pleiotropic phenotype including improved
resistance against Magnaporthe oryzae, higher levels of salicylic
acid (SA) content and up-regulation of pathogenesis- and SA-
related genes, but also dwarf stature (Ma et al., 2018). In contrast,
no alteration of a number of agronomic traits was observed in T'1
and T2 transgene free plants mutated in the ethylene responsive
factor (ERF)922, a transcription factor implicated in multiple
stress responses. The mutant plants had a reduced number
of blast lesions at both seedling and tillering stages (Wang
et al,, 2016). Overall, these results demonstrate the powerful and
advantageous application of the CRISPR/Cas9 system for crop
improvement as regards fungal disease resistance.

Resistance to Bacteria Through
CRISPR/Cas

Among the bacterial species living on earth, just a few
hundred are involved in crop damage, which often reveals
multiple symptoms of disease (Schloss and Handelsman, 2004).
Phytopathogenic bacteria are difficult to control, mainly because
of undetected asymptomatic infections and the lack of suitable
agrochemicals. Generally speaking, bacteriological plant control
is based on prevention and exclusion of the pathogen by using
genetic resistance, agronomic practices, and biocontrol agents
(Kerr, 2016).

Phytopathogenic bacteria can be classified as crop specific,
such as Clavibacter michiganensis, which is the causal agent of
tomato bacterial ring rot; polyphagous specific, such as Ralstonia
solanacearum, which causes disease in multiple monocot and

dicot species; and “kingdom crosser,” such as Dickeya dadantii,
an entomo-phytopathogen, which can affect plants and animals.

Relatively few studies (Table 3) have been published on
the application of the CRISPR/Cas system to counteract crop
bacterial diseases. CRISPR/Cas9 mutagenesis of OsSWEETI13
has been performed in rice to achieve resistance to bacterial
blight disease caused by y-proteobacterium Xanthomonas
oryzae pv. oryzae (Zhou et al., 2015). OsSWEETI3 is a
susceptibility (S) gene encoding a sucrose transporter involved
in plant-pathogen interaction. X. oryzae produces an effector
protein, PthXo2, which induces OsSWEETI3 expression
in the host and the consequent condition of susceptibility.
In a previous work concerning OsSWEETI4 promoter
mutagenesis adopting a TALEN approach, the disruption
of this gene rendered the X. oryzae effector unable to bind
OsSWEET14 and ultimately resulted in disease resistance
(Li et al, 2012). Similarly, Zhou et al. (2015) obtained a
null mutation in OsSWEETI13 in order to better explore
PthXo2-dependent disease susceptibility, and resultant
mutants were resistant to bacterial blight. Further genome
editing strategies for multiplexed recessive resistance using a
combination of the major effectors and other resistance (R)
genes will be the next step toward achieving bacterial blight
resistance.

Two recent works have reported the employment of
CRISPR/Cas9 with the aim of producing citrus plants resistant
to citrus bacterial canker (CBC). CBC is caused by Xanthomonas
citri subsp. citri (Xcc) and is the most widespread disease
among commercial cultivars. In the first work, Jia et al
(2016) generated canker resistant mutants by editing the PthA4
effector binding elements in the promoter of the Lateral
Organ Boundaries 1 (CsLOBI) gene in Duncan grapefruit.
Mutated lines showed a decrease in typical canker symptoms
4 days post inoculation with Xcc, and no further phenotypic
alterations were detectable. Furthermore, no potential off-
target mutations in other LOB family genes were found by
PCR-sequencing. The second work, by Peng et al. (2017),
confirmed the link between CsLOBI promoter activity and CBC
disease susceptibility in Wanjincheng orange (Citrus sinensis
Osbeck). The complete deletion of the EBEpy,a4 sequence from
both CsLOBI alleles induced resistance enhancement to CBC.
Moreover, no alteration in plant development was observed
after CsLOBI promoter modification. Additional efforts will
be required to generate non-transgenic canker-resistant citrus
varieties for facilitating their agronomic application in CBC
prevention.

FUTURE PROSPECTS

In an era marked by political and societal pressure to reduce
the use of pesticides, crop protection by genetic improvement
provides a promising alternative with no obvious impact on
human health or the environment. Genome editing is one of
the genetic levers that can be adopted, and disease resistance
is frequently cited as the most promising application of
CRISPR/Cas9 technology in agriculture. There are three main
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reasons for this: firstly, scientific knowledge of the molecular
mechanisms underlying numerous pathosystems is sufficiently
advanced to enable the proposal of genes to be edited in
order to achieve resistance. Secondly, disease resistance can
frequently be achieved by the modification of a single gene,
which is technically less challenging. This is similar to the
modification of metabolic pathways, where the editing of a
single gene can also have an all-or-nothing effect, but different
from abiotic stress tolerance, where generally numerous genes
have to be modified in a coordinated fashion to achieve
incremental improvements. Thirdly, targeted mutagenesis, the
only use of CRISPR/Cas9 technology at present mastered with
respect to crops, is readily applicable to disease resistance,
since the inactivation of susceptibility genes leads to protection.
For other agriculturally interesting traits the achievement of
positive effects by the loss-of-function of genes is a more
delicate matter. However, acting as the spearhead of genome
editing in crops also puts a certain responsibility on plant
pathologists.

The first challenge is to demonstrate that the promises
made by proofs of concept in confined environments can be
maintained under field conditions. It is one thing to show
that the population of a pathogen or the size of disease
lesions is reduced in a greenhouse and another to protect a
crop year after year under varying environmental conditions.
Field tests are also necessary for correct evaluation of the
agronomic fitness of the edited crops. Most of the genes
inactivated by CRISPR/Cas9 technology in order to obtain
disease resistance are likely to have roles in the physiology
of the plant other than that linked to the life cycle of the
pathogen. For example, triple knockouts of wheat TaMLO
were not only resistant to powdery mildew but also showed
leaf chlorosis (Wang et al., 2014), whereas EMS-induced triple
mutants with non-conservative point mutations in TaMLO did
not show obvious pleiotropic phenotypes (Acevedo-Garcia et al.,
2017). Therefore, encouraging greenhouse observations of plant
development or measurements of key parameters such as height,
leaf area or grain weight absolutely must be confirmed under
field conditions by multi-environmental yield trials in order
to measure the relative importance of negative side effects.
A final limitation of many published proofs of concept is that
they involve lab varieties, which can easily be regenerated after
the introduction of Cas9 and sgRNA, but which often have
only a limited agronomic value. It remains to be shown that
the phenotypic effects are maintained in elite lines under field
conditions.

The second challenge is the durability of the disease
resistances, and their agronomic management. This challenge
needs to be dealt with seriously, in order to convince a
public often hostile to this technology. Durability is not
a specific aspect of resistance genes obtained by genome
editing, and the answers are the same as for introgressed
resistance genes discovered in the genetic variability of
the species: (i) the stacking of several resistance genes,
preferably with different modes of action, (ii) a focus on
systems other than NBS-LRR receptor kinases known to
break down rapidly, and (iii) good agronomic practices,

,2012; Zhou et al., 2015

Reference
Lietal

Jiaetal, 2016
Peng et al., 2017
Malnoy et al., 2016

Agrobacterium-mediated
transformation of embryogenic callus
with Cas9/gRNA expression plasmid
vectors and TALEN
Agrobacterium-mediated
transformation of epicotyl with
Cas9/gRNA expression plasmid vectors
Agrobacterium-mediated
transformation of epicotyl with
Cas9/gRNA expression plasmid vectors
PEG-mediated protoplast
transformation with CRISPR
ribonucleoproteins

Strategy

Sucrose transporter
gene

pathogen growth
and pustule
Susceptibility factor

formation
pathogen growth

and pustule

Susceptibility (S)
formation

Gene function
Susceptibility (S)
gene promoting
gene promoting
involved in fire
blight disease

DIPM-1 DIPM-2 DIPM-4

Target gene
SWEET13

LOBA
LOB1

Bacterial blight (Xanthomonas oryzae

pv. oryzae)
Citrus canker (Xanthomonas citri

subspecies citric)
Citrus canker (Xanthomonas citri

subspecies citric)
Fire blight (Erwinia amylovora)

Fungus

CsLOB1, Lateral Organ Boundaries 1; DIPM, DspE-interacting proteins of Malus.

TABLE 3 | CRISPR/Cas9 applications for bacterial resistance.

Plant species

Oryza sativa

Citrus paradisi

Citrus sinensis Osbeck
Malus domestica
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including, in particular, crop rotation and the concomitant
use of biocontrol agents. An example of two independent
CRISPR/Cas9-derived resistances against the same disease are
the knockouts of TuMLO (Wang et al, 2014) and TaEDRI
(Zhang et al,, 2017), both conferring resistance to powdery
mildew in wheat. Beyond the creation of novel alleles conferring
protection, CRISPR/Cas9 technology can also be helpful in
the stacking process itself. In contrast with the introgression
of conventional resistance genes, the technology not only
avoids genetic drag on neighboring regions with potentially
negative impacts on agronomic performance, but also permits
the simultaneous creation of multiple resistances in a single
generation by multiplexing, i.e., the parallel use of several sgRNAs
targeting different genes. Admittedly, multiplexing becomes
more challenging with increasing ploidy levels, and in the above
example in hexaploid wheat (A, B, and D genome), three TaMLO
genes and three TuEDRI genes would need to be modified in
parallel.

The third challenge is to overcome the present technical
limitation regarding targeted mutagenesis and to implement true
genome editing in crop plants. Targeted mutagenesis introduces
random mutations (generally short insertions or deletions) at a
predetermined site of a given gene, leading generally to loss-of-
function, whereas true genome editing introduces predetermined
base changes at one or several specific positions in a gene.
For example, the elongation initiation factor 4E (eIF4E) is
necessary for the translation of RNA into protein for both the
host cell and single-stranded RNA viruses of the Potyviridae
family. As described above, loss-of-function of eIF4E by targeted
mutagenesis has been achieved in several model and crop
species, consistently conferring resistance to potyviruses but
also impacting the host plants to varying degrees. The specific
modification of amino acids known to be important for the
translation of viral but not host proteins would permit driving
resistance to potyviruses without affecting plant physiology
(Bastet et al., 2017). The expression of a transgene carrying
a synthetic allele with six mutations in an Arabidopsis eifde
mutant validated the concept (Bastet et al., 2018), demonstrating
indirectly the potential benefit of genome editing over targeted
mutagenesis. However, at present true genome editing by HR
is still hampered by very low efficiencies in plants, although it
has recently become routine in many animal species. Continued
efforts to improve its efficiency, for example by the use of lig4
(Endo et al., 2016) or polQ mutations (Saito et al., 2017), or a copy
number increase of the repair matrix by virus vectors (Cermék
et al,, 2015), are crucial to increasing the range of tools available
to plant pathologists. Base editing, to date permitting C to T
and A to G transitions in plants, is more limited in scope but
has recently emerged as a readily available alternative for certain
editing projects (Zhang et al., 2017; Hua et al., 2018).

The long term success of CRISPR/Cas9 technology in
plant protection is dependent on new scientific knowledge.
CRISPR/Cas9 technology can only be used if one knows which
gene(s) to modify and which modification(s) to carry out in
these genes in order to render plants resistant to disease. When
pathogen resistance is achieved by the knock-out of one or
several genes, inactivating mutations can easily be provoked

by CRISPR-mediated specific DNA break and activation of the
cell's error prone DNA repair, based on NHE]. In this case,
CRISPR can be used to target and inactivate a single gene or
large gene families, both through single gRNA which matches
several targets, or by multiplexing the system by introducing
several gRNAs simultaneously. On the contrary, when specific
allelic variants are involved in resistance, CRISPR-DNA break can
be coupled with the less frequent cell repair mechanism based
on HDR. The DNA template for HDR should be introduced
into the cell together with the effector nuclease. This permits the
introduction of a custom-designed sequence into the genome.
The use of HDR, compared to NHE], can indefinitely expand
the possibility of the type of mutations inserted by CRISPR, as
any sequence can be inserted into a site of choice. Nevertheless,
HDR is still technically challenging due to its low efficiency,
the difficulty of having a selective marker and the lack of
multiplexing protocols. These are aspects that will need to be
improved if CRISPR applications are to expand in plant breeding.
Despite the recent judgment of the Court of Justice of the
European Union issued that organisms created using genome
editing techniques are to be regulated as GMOs (Callaway, 2018),
anyhow continuous efforts in plant pathology are necessary, in
order to identify and characterize the genes involved in plant
pathogen interactions. For example, the past decade was marked
by the discovery of hundreds of effector molecules that are
synthesized by different classes of pathogens and transferred into
the host cell. A major challenge is to identify the host proteins
targeted by these effectors and to characterize the underlying
genes, which are one of many possible targets for future genome
editing approaches. New knowledge does not necessarily have to
stem from the crop species of interest. For example, the targeted
mutagenesis of wheat TaMLO was based on knowledge of another
crop, barley, where Hvmlo mutant varieties have provided good
protection against powdery mildew that has not yet broken down,
and the modification of TaERFI exploited knowledge from the
model species Arabidopsis. These examples perfectly illustrate the
added value of genome editing, which permits the enlargement
of the gene pool of a crop species beyond all the available natural
variability, by means of the transfer of knowledge acquired in
other crops or model species.
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The use of plant-associated bacteria has received many scientific and economic
attention as an effective and alternative method to reduce the chemical pesticides
use in agriculture. The genus Burkholderia includes at least 90 species including
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a positive effect on plant growth and fitness. Paraburkholderia phytofirmans PsJN, a
beneficial endophyte able to colonize a wide range of plants, is an established model for
plant-associated endophytic bacteria. Indeed, in addition to its plant growth promoting
ability, it can also induce plant resistance against biotic as well as abiotic stresses.
Here, we summarized an inventory of knowledge on PsJN-plant interaction, from the
perception to the resistance mechanisms induced in the plant by a way of the atypical
colonization mode of this endophyte. We also have carried out an extensive genome
analysis to identify all gene clusters which contribute to the adaptive mechanisms
under different environments and partly explaining the high ecological competence of
P, phytofirmans PsJN.

Keywords: Paraburkholderia phytofirmans PsJN, perception, PGPR, endophyte, biotic and abiotic stress

INTRODUCTION

Historically, plant diseases have been controlled by the application of chemical pesticides,
commonly leading to residual contamination and pathogen resistance (Couderchet, 2003).
Therefore, the use of plant-associated bacteria has shown a great promise for controlling diseases
and thereby reducing the use of agrochemicals in the agriculture (Pieterse et al., 2014). Plant
growth-promoting bacteria (PGPB) are naturally associated with plant roots and confer positive
effects to host plants (Shameer and Prasad, 2018). They can increase yield, improve plant growth,
reduce pathogen infection, and enhance plants’ tolerance to adverse environmental stresses
(Compant et al., 2005a). Among PGPB, endophytes are defined as those bacteria able to colonize
the internal tissue of the plant without causing negative effects or external symptoms of infection
on their host (Compant et al., 2008). They can enter the plant via different sites including tissue
wounds (Agarwal, 1987), stomata (Roos and Hattingh, 1983), penetration of root hairs (Huang,
1986) and secretion of cell wall degradative enzymes (Huang, 1986; Reinhold-Hurek et al., 2006).
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Endophytes, some of which are belonged to the common soil
bacteria, such as Bacillus, Pseudomonas, and Burkholderia, are
applied to different plant species to promote their growth and
control their diseases (Hardoim et al., 2015).

The high diverse genus Burkholderia, representing a group
of approximately 90 species of Gram-negative p-proteobacteria
(Sawana et al., 2014), has been isolated from different ecological
niches including plants, soil, the atmosphere, water, fungi,
animals and human (Ramette et al., 2005; Compant et al,
2008; Lackner et al., 2011; DeLeon-Rodriguez et al., 2013).
Some members of Burkholderia have attracted a great deal
of interest in biotechnology such as plant growth promotion,
bioremediation, and biocontrol of plant diseases (Depoorter
et al., 2016). Among Burkholderia strains, Paraburkholderia
phytofirmans strain Ps]N is a Gram-negative rod-shaped, non-
sporulating and motile bacterium. This bacterium was first
isolated from surface-sterilized onion roots infected with the
mycorrhizal fungus Glomus vesiculiferum (Frommel et al., 1991a;
Sessitsch et al., 2005). It has been recently classified as a member
of Paraburkholderia, a group of formerly named Burkholderia
species, mostly reported to be associated with plants and have
biocontrol and bioremediation properties (Sawana et al., 2014;
Eberl and Vandamme, 2016). P. phytofirmans Ps]N has been
reported as a prominent and efficient plant growth-promoting
endophyte (Ait Barka et al,, 2000) and a promising biological
control agent against plant pathogens (Miotto-Vilanova et al.,
2016).

Furthermore, P. phytofirmans PsJN employs different
mechanisms to have a positive role in plant productivity.
These mechanisms act either directly, by providing adequate
plant nutrition, and producing plant hormones, or indirectly,
by reducing susceptibility to diseases (Yang et al., 2009;
Andreolli et al., 2016). The bacterium is also able to decrease
the ethylene level in host plants through production of the 1-
aminocyclopropane-1-carboxylate (ACC) deaminase enzyme
(Glick et al., 2007). Moreover, it confers plants resistance against
a broad spectrum of phytopathogens by the induction of plant-
mediated resistance response in above ground parts of plants
(Miotto-Vilanova et al., 2016). The strain also has been shown to
induce tolerance toward different abiotic stresses including high
temperature, cold, drought, and salinity (Bensalim et al., 1998;
Ait Barka et al., 2006; Naveed et al., 2014a; Pinedo et al., 2015;
Nafees et al., 2018). The complete genome sequences (8.2 Mb)
of the plant endophyte P. phytofirmans Ps]N, arranged in two
chromosomes and one plasmid (121 kbp), was published by
Weilharter et al. (2011). Previous comparative analysis of this
strain revealed numerous biosynthetic gene clusters, secretion
system, and metabolic potentials involved in endophytic behavior
with diverse beneficial effects (Mitter et al., 2013; Ali et al., 2014).
Compared to other PGPB, less information is available about
the mechanisms attributing to biocontrol effect and endophyte
lifestyle of P. phytofirmans PsJN, which is an established model
for plant-associated endophytic bacteria. Here, together with
previously published data, we summarize an inventory of
knowledge on P. phytofirmans PsJN-plant interaction, from
the perception to the resistance mechanisms associated with
beneficial effects in plants. Gene clusters contribution to the

adaptive mechanisms and beneficial effects on plant growth and
biocontrol under different environments are also highlighted.

PERCEPTION OF P. phytofirmans PsJN

The interaction between endophytes and plants takes place in
different areas including root and foliar surfaces as well as
intercellular spaces of both root and foliar surfaces which are
the first contact area for plant-associated microbes (Lindow and
Brandl, 2003; Hardoim et al., 2015). A successful colonization of
plant tissue by beneficial bacteria is influenced by the excretion
of organic acids by their host plant (Kost et al., 2014). It has
been reported that plant roots secrete a significant mixture of
organic compounds known as exudates, which attract complex
microbial populations present in the rhizosphere and initiate
the first communication between host plants and endophytes
(Kawasaki et al., 2016). The contribution of carbon sources
in the recruitment of endophytic strain PsJN by host plants
has been reported (Kost et al.,, 2014). Comparing to wild-type
strain of PsJN, PsJNAoxc defective in oxalate assimilation was
significantly impaired in colonization of both lupin and maize
and the mutant population was also significantly reduced (Kost
et al., 2014). Microbial quorum sensing molecules presented by
acylated homoserine lactones (AHLs) have also been shown to
act as targets for host recognition and are likely implicated in
communication with host plants, and subsequently colonization
process (Mathesius et al., 2003). It has been shown that N-AHLs
from strain PsJN play a crucial role in the communication and
colonization with plants as quorum sensing mutants of PsJN
could no longer efficiently colonize and promote the growth
of Arabidopsis thaliana as compared to the wild-type (Zuniga
et al., 2013). Moreover, endophytic bacteria move toward the
plant roots, using chemotactic affinity for root exudates, and
subsequently followed by adhesion to the plant root surfaces. The
attachment of endophytes to the root surfaces can be enhanced
through the production of cellulose or exopolysaccahrides (EPS)
by bacteria (Kandel et al., 2017). Furthermore, genome mining of
endophytic strain PsJN revealed that many gene clusters involved
in motility, biofilm production, adhesion and genes encoding
for chemotactic activity and siderophore synthesis may reflect
the efficient plant colonization and endophytic lifestyle of this
bacterium (Mitter et al., 2013; Ali et al., 2014).

In response to microbial perception, plants evolve different
strategies to recognize and respond to microbial signal exposure
(Pieterse et al., 2014). The recognition is firstly achieved via
pattern recognition receptors (PRRs) known as pathogen- or
microbe-associated molecular patterns (PAMPs or MAMPs)
(Jones and Dangl, 2006). To defend themselves from potential
invaders, plants use PAMP-triggered immunity (PTI) as the first
line of the plant immune system. Therefore, endophytes have
developed strategies to minimize the plant immunity by secretion
of proteins called effectors that cross the first layer of defense
and suppress the PTI signaling or avoid the recognition by the
host. In addition, plants have a second layer of perception in
which resistance receptors mediate the recognition of effectors
compounds leading to effectors-triggered immunity (ETI) which
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plays an essential role to control the pathogen progress (Pieterse
etal., 2014).

Plant perception of endophytic strain PsJN begins after an
exposure to bacterial signals such as flagellin leading to the
plant response characterized by early and long-term responses in
plant immunity and plant growth regulation and morphogenesis
(Bordiec et al., 2011; Trd4 et al., 2013). It has been shown that
P. phytofirmans Ps]N is perceived by grapevine cell suspensions
and led to the production of a monophasic and transient burst of
alkalinization during the first minute of the interaction (Bordiec
et al., 2011). However, no significant accumulation of H,0O,
neither cell death was observed in grapevine after P. phytofirmans
PsJN challenge (Bordiec et al., 2011; Miotto-Vilanova et al., 2016).
Plant phytohormones play a crucial role as key regulators in plant
defense-signaling pathways (Pieterse et al., 2012). The expression
levels of related defense genes after endophyte perception is a
key point as endophytes are firstly known as potential invaders.
Therefore, active interference with the plant immune responses
is essential for the initiation of a compatible relationship with
the host plant. In case of strain PsJN, the low level of induced
defense genes in the grapevine may give insight into the ability
of this strain to colonize the rhizoplane and to transfer into the
entire tissue leading to the endophytic behavior of this bacterium
(Bordiec et al., 2011). Moreover, the distribution of different
secretion system gene clusters (Figure 1) in the PsJN genome
might play a crucial role in the plant-P. phytofirmans PsJN
interaction (Mitter et al., 2013).

P. phytofirmans PsJN COLONIZATION
AND DISTRIBUTION WITHIN PLANT

Endophytes are defined as those bacteria that live in plant tissues
and do not visibly harm the plant (Hardoim et al., 2015). Plant
colonization by endophytes can occur either in intracellular or
intercellular spaces in plant tissues. The colonization depends
on the strain and different colonization routes and specific
interactions have been described (James et al., 2002). Some
endophytic bacteria are able to penetrate the endodermis, which
represents an obstacle for colonization, and inhabits the internal
plant compartment (Compant et al, 2010). One of the most
frequently raised questions related to endophytic bacteria is how
do they enter plant tissue?

In the early stages of colonization, P. phytofirmans PsJN moves
toward the plant roots via chemotactic response to plant-released
compounds (Kost et al., 2014). The secretion of root exudates by
the plant initiates the first communication between endophytes
and host plants (Kandel et al., 2017). Moreover, quorum sensing
compounds produced by strain PsJN play an important role in
host communication, and the subsequent colonization process
(Zaniga et al., 2017). The attachment of endophytes to the root
surfaces is considered the first colonization step which is essential
in getting access to the main entry points. The production of EPS
by endophytes as well as the presence of bacterial flagella and
cell surface polysaccharides may help the adhesion of endophytes
onto the host roots and may facilitate the colonization process
(Kandel et al,, 2017). Depending on the strain, endophytes can

get into plant tissues through wounds, stomata, and hydathodes,
which are considered as the main entry sites (Hardoim et al.,
2015). The emergence zone of secondary roots and injuries
constitute also a natural opening allowing the entry of the
endophytes inside the plant (Kandel et al., 2017). Moreover, some
bacterial endophytes deploy a wide range of catabolic activities
that allow them to break down different selections of organic
compounds and modify the plant cell wall compositions (Preston,
2004; Taghavi et al., 2010).

The PsJN genome harbors a total of 41 putative plant polymer
genes, encoding for putative hydrolytic enzymes (Mitter et al.,
2013), which may help entry into the host plant through
the distraction of the host. Among them, 14 genes represent
glycoside hydrolyses (GH) that are involved in cell wall and
sugar metabolism. In silico analysis of the PsJN genome also
revealed the presence of genes involved in malonate metabolizing
such as malonate decarboxylase which is important for symbiosis
between endophytes and the plant (Kim, 2002). Genes related
to cupin superfamily involved in the modification of plant cell
wall carbohydrates (Dunwell et al., 2004) are also present in the
PsJN genome. Furthermore, it has been reported that bacteria,
mostly related to plant pathogens, produce different extracellular
enzymes or cell wall degrading factors such as cellulases,
hemicellulases, and endoglucanases which enable endophytes to
penetrate plant cell wall and colonize the interspatial region
between plant cells (Taghavi et al., 2010; Ali et al, 2014). In
the course of a search of the PsJN genome, one gene cluster
(Figure 2A) responsible for bacterial cellulose biosynthesis has
been found in the chromosome 2 and gene encoding for endo
1, 4 glucanase was found as a part of the cluster. Beside the
cluster for cellulose synthesis, another one involved in pectin
degradation was also found (Figure 2B). The latter includes
genes coding for polygalcturonate and galactarate dehydratase,
which are involved in the degradation of pectin and could
play a crucial role in colonizing the interspatial part between
plant cells (Taghavi et al., 2010). In addition, the PsJN genome
harbors ABC transporter genes involved in degradation of the cell
wall.

Paraburkholderia phytofirmans PsJN establishes rhizosphere
and endophytic colonization in different plants such as potato
(Bensalim et al., 1998), switchgrass (Kim et al., 2012), tomato
(Pillay and Nowak, 1997), Arabidopsis (Zuniga et al., 2013),
maize and lupin (Kost et al., 2014), and grapevine (Ait Barka
et al., 2002). The bacterium colonizes the grapevine rhizoplane
immediately after the inoculation and transmits to the root
interior 3 h after inoculation and then systemically migrates
from the rhizoplane to aerial tissues (Compant et al., 2005b). It
has been shown that the highest level of bacterial populations
on grapevine rhizoplane, and aerial parts achieved at 24 and
84 h after inoculation, respectively, and the colonization level in
leaves was significantly greater than stem (Compant et al., 2005b).
Compant et al. (2007) showed that strain PsJN colonizes the
internal xylem vessels and the bacterium takes the advantage of
holes between xylem to migrate and spread to grape inflorescence
stakes, pedicels, and then to youngberries. Furthermore, Mitter
et al. (2017) demonstrated that P. phytofirmans Ps]N is able
to colonize the seeds of monocot and dicot after the flowers
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FIGURE 1 | Distribution of secretion systems in the genome of Paraburkholderia phytofirmans PsJN. T3SS and T4SS clusters are located in chromosome 2 (position
1396242-1383596 and 2785143-2797095, respectively). T6SS is represented by two clusters located on chromosomes 1 and 2 (position 1046459-1070567 and

1046459-1058642, respectively). Secretion systems in PsdN might inject effector proteins which cross the cell wall and might act on host plant to modulate plant
signal transduction and elicit host defense responses.
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FIGURE 2 | Biosynthetic genes clusters located in chromosome 2 of R Phytofirmans PsJN genome. (A) Cellulose biosynthesis gene cluster containing the gene
encoding for degradation enzyme endoglucanase Bphyt_5838 (position 2045332-2046513) which facilitates the penetration of cell wall of host plants (B) genes
involved in pectin degradation including genes Bphyt_ 4858 (position 978791-980806) encoding for polygalcturonate and Bphyt_4865 (position 988328-989917 )

encoding for galactarate dehydratase.

were inoculated, and subsequently get transferred into the next

PsJN to produce EPS and form a biofilm as well as the presence
generation of plants. In potato plantlets, strain Ps]N was observed

in the first epidermal layers of roots and in the xylem tissue of
stem (Frommel et al., 1991a). In maize, under normal conditions,
strain PsJN was observed in root and shoot interior and the
maximum population density (CFU g~! dry weight) reached
5.86 x 10° (rhizosphere), 5.44 x 10° (root interior), and
9.36 x 10* (shoot interior) (Naveed et al., 2014b). The ability of

of genes implicated in the biosynthesis of flagella, cellulose and
genes encoding for chemotactic activity in the genome of PsJN
may reflect the efficient endophytic colonization of the plant by
this bacterium (Mitter et al., 2013; Ali et al., 2014). Moreover,
the capacity of strain PsJN to colonize different plant hosts is
probably due to large genome size (8.2 Mb), divided in two
chromosomes and one plasmid (Weilharter et al., 2011).
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P. phytofirmans STRAIN PsJN, A PLANT
GROWTH PROMOTING
RHIZOBACTERIA

Endophytes produce beneficial effects on the plant growth
through several mechanisms. The mechanism can be either direct
through the production/modulation of plant hormones (Pieterse
et al., 2012), facilitating resource acquisition (Naveed et al.,
2014a), or indirect by producing secondary metabolites (Esmaeel
et al., 2017), and induction of systemic resistance (ISR) leading
to more adaptability to different stress conditions (Pieterse et al.,
2014). The endophytic P. phytofirmans strain PsJN is a highly
efficient plant beneficial bacterium as it is able to promote the
growth across a range of plant species including wheat (Naveed
et al., 2014a), maize (Naveed et al., 2015), brassica (Nafees et al.,
2018), grapevine (Compant et al., 2005b), switchgrass (Kim et al.,
2012; Wang et al., 2015), Arabidopsis (Poupin et al., 2013; Zhao
et al,, 2016), tomato (Pillay and Nowak, 1997), lupin (Kost et al.,
2014), watermelon and cantaloupe (Liu et al., 1995), potato
(Frommel et al., 1991a), cucumber and sweet pepper (Nowak
et al., 2004). The different beneficial effects of strain PsJN on
different host plants are reported in Table 1. The mechanisms
behind the observed positive effect are linked to the production of
plant phytohormones, ACC deaminase, siderophores and other
secondary metabolites which contribute as signaling molecules
for better bacteria-plant communication leading to an efficient
colonization of plant roots (Sun et al., 2009; Naveed et al., 2015).

1-Aminocyclopropane-1-Carboxylate

Deaminase (ACC)

The ACC, produced by endophytic bacteria, is linked with an
alleviation of plant stress as it contributes to lowering the ethylene
level hence promoting the plant growth (Glick et al., 1998).
Indeed, ACC prevents ethylene signaling by cleaving the ethylene
precursor (ACC deaminase) to ammonia and 2-oxobutanoate.
Moreover, the ACC deaminase-expressing bacteria were reported
to enhance the plant growth under different biotic and abiotic
stresses, including pathogen attack, drought, salinity, organic
and inorganic contaminants (Glick, 2004). The plant growth
promoting effect in tomato associated with the strain PsJN was
suggested to be linked to the expression of ACC deaminase, which
plays a crucial role to enhance the growth performance of tomato
plants (Onofre-Lemus et al., 2009). Sun et al. (2009) showed that
ACC produced by strain Ps]N is involved in the colonization as
the deletion mutant P. phytofirmans Ps]N AacdS (Bphyt_5397)
lost its ability to promote the elongation of the roots of canola
seedlings.

Production of the Plant Growth

Promoting Hormones Indole-3-Acetic

Acid (IAA)

The production of TAA by endophytic bacteria has received
a lot of attention due to its crucial role in each stage of the
plant development (Pieterse et al., 2012). Complete genome
analysis of strain PsJN revealed the presence of relevant genes
involved in the indole-3-acetamide and the tryptophan side

chain oxidase pathways (Weilharter et al., 2011). The production
of TAA by PsJN was experimentally demonstrated with or
without the addition of L-ryptophan (L-TRP), a precursor of
auxins in plants (Naveed et al., 2015). Furthermore, this study
demonstrated that the different plant growth parameters (plant
height and biomass, photosynthesis, and chlorophyll content) of
maize were significantly improved when applying PsJN inoculum
supplemented with L-TRP. It has been previously shown that
production of IAA by strain PsJN is likely involved in the efficient
colonization of Arabidopsis (Zaiiiga et al., 2013). The ability of
strain PsJN to produce and degrade IAA as a sole carbon source
gave an insight into the ability of this bacterium to resist under
different stresses and lead to understand its friendly interaction
with host plant (Donoso et al., 2017). Beside its role in the
colonization, the TAA is also involved in the root proliferation
(Ztniga et al., 2013) and is considered as a signaling molecule in
bacteria-plant interactions (Van Puyvelde et al., 2011).

Siderophore Production and Other
Secondary Metabolites

Iron is essential for microorganisms due to its intervention
in the synthesis of many essential components of the cell
(Leclere et al., 2009). The availability of iron in the environment
to living microbes is very low due to its poor solubility
at neutral pH 7 (Andrews et al., 2003). Therefore, bacteria
including endophytes have evolved several pathways including
siderophore with high affinity to scavenge and transport iron
from the environments (Loaces et al., 2011; Esmaeel et al.,
2016a). Beside their ability to produce siderophores, some
endophytes have membrane receptor proteins for the uptake
of siderophores produced by other endophytes (Cornelis and
Bodilis, 2009). The ability of endophytes to produce or capture
siderophores, under iron stress condition, is one the most traits
which provide iron to host plants (Johnson et al., 2013). It
also contributes to protect host plant against phytopathogenic
infection (Miethke and Marahiel, 2007), to activate the ISR (Van
Loon et al,, 2008), to facilitate the bacteria-plant interaction
and is involved in the colonization of root, stem, and leaves
(Compant et al., 2005a). The main mechanism of siderophore
synthesis is achieved through modular megaenzymes called
non-ribosomal peptides synthetases (NRPSs), and others are
assembled by various enzymes known as NRPS independent
siderophore (NIS) (Challis, 2005). NRPSs organized in modules,
arranged in sets of primary domains including adenylation
(A), thiolation (T), condensation (C), and thioesterase (TE)
domains, which synthesize basic peptides. Moreover, secondary
domains such as epimerization (E) are also contributing in
the modifying peptides into more structurally complex peptides
(Esmaeel et al., 2016b). The genome of P. phytofirmans Ps]N
was mined with the aim to screen all potentially produced
secondary metabolites (SMs), especially those produced by
NRPSs by following Florine workflow previously described
(Esmaeel et al., 2016b) (Figure 3A). Genome analysis of PsJN
revealed the presence of a siderophore gene cluster located
in the chromosome 2 (mbaA to mbaN). This cluster includes
two NRPS genes (mbaA and mbaB) as well as genes involved
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TABLE 1 | Beneficial effects provided by the endophytic strain Paraburkholderia phytofirmans PsJN on different plants.

Crop Benefit provided to the host plant Reference
Grapevine Growth enhancement, more secondary roots and leaf hairs. Ait Barka et al., 2000; Compant et al., 2005b
Increased shoot and root fresh and dry weight as well as the number of nodes.
Maize Increased shoot/root biomass, and leaf area. Kost et al., 2014; Naveed et al., 2014b
Increased leaf chlorophyll content, photosynthesis, and photochemical efficiency of PSII.
Wheat Better grain yield. Naveed et al., 2014a
Improvement of the ionic balance, antioxidant levels.
Increased nitrogen, phosphorus, potassium and protein concentration.
Lupin Degradation of plant-secreted oxalate and reduce the oxalate level which might reduce the Kost et al., 2014
infection potential of oxalate-producing phytopathogenic fungi or bacteria.
Watermelon Root growth promotion and enhanced stem performance. Liu et al., 1995
Switchgrass Growth promotion. Kim et al., 2012; Wang et al., 2015
Increased shoot/root biomass, elongation of root, stem and leaf.
Early tillers and persistent growth vigor.
Improved the photosynthetic rates and greater water use efficiency.
Tomato Increased plant height, shoot/root biomass. Frommel et al., 1991b; Pillay and Nowak, 1997;
Sharma and Nowak, 1998; Nowak et al., 2004;
Onofre-Lemus et al., 2009
Greener leaves, shorter root system with more lateral roots and root hairs.
Potato Increased root number/dry weight, halum dry weight, stem length and node numbers. Frommel et al., 1991a, 1993; Lazarovits and
Nowak, 1997; Bensalim et al., 1998
Induction of root branching and hair formation.
Increased chlorophyll and starch content, nutrient and water uptake.
Enhanced leaf hair formation, secondary root branching, and total plant lignin content
Improved tuber number and weight, increased medium pH.
Enhanced tuber number and weight, earlier stolon formation.
Arabidopsis Stimulation of growth parameters (plant fresh weight, dry weight, number of root hairs and Poupin et al., 2013; Zhao et al., 2016
chlorophyll content)
Enlarged stem cell size of pith and improved the essential metals, specifically iron, uptake
and accumulation. Modulation of phytohormones.
Cucumber Inoculated seeds enhanced the early growth and promoted root growth and weight. Nowak et al., 2004

Sweet pepper

Bacterized seedlings had higher initial vigor, higher root, and shoot fresh weight.

Nowak et al., 2004

Nafees et al., 2018

Liu et al., 1995

Brassica Optimized plant performance (height, root length, fresh and dry shoot biomass and root).
Improved the plant physiology parameters [photosynthetic rate, transpiration rate, stomatal
conductance, chlorophyll contents (Chl), sub-stomatal CO, concentration (Ci), and water
use efficiency] and antioxidant activity and reduced Cr uptake in Cr-contaminated soil.

Cantaloupe Reduced shoot growth and root length.

Canola Root elongation.

Sun et al., 2009

in uptake and accessory genes (Figure 3B). The cluster also
includes a gene (mbaF) encoding for an extracytoplasmic
sigma 70 factor involved in the regulation. Furthermore,
the strain PsJN is also possesses 7 outer membranes ferric
related siderophore receptors (TonB dependent), which are
essentially required for strain PsJN to compete for iron through
the uptake of siderophore-iron complexes produced by other
microorganisms.

P. phytofirmans STRAIN PsJN, A PLANT
DEFENDER

The high demand for agriculture crops is growing and is expected
to keep on increasing for decades (Tilman et al., 2011). Under
stress conditions, including biotic and abiotic, plants can be
subjected to negative effects on the growth resulting in heavy

losses. Therefore, improvement of plant tolerance to stress using
plant-associated bacteria has arisen as an alternative strategy to
enhance plant adaptation to different stress conditions (Shameer
and Prasad, 2018). While most of the described endophytes
protect the plant from biotic stresses, some are also able to
defend their host plants against abiotic stresses. Among them,
the endophytic strain PsJN that has been shown to improve
tolerance toward high temperature, heavy metals (Nafees et al.,
2018), cold, drought, and salinity stresses (Ait Barka et al., 20065
Naveed et al., 2014a; Pinedo et al., 2015) (Table 2). The role of
strain PsJN on plants stress tolerance is discussed in the following
subsections.

Plants Under Biotic Stress

Most of endophytic bacteria are well known for their capacity
to produce secondary metabolites that have an inhibitory effect
toward a wide range of phytopathogens. These metabolites
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comprise polyketides, non-ribosomal peptides, terpenoids,
alkaloids, steroids, flavonoids, 2-phenylethanol, and phenols
(Taghavi et al., 2010; Hardoim et al., 2015; Esmaeel et al., 2017).
Some of these compounds are important for protection and
also play a significant role in mechanisms of signaling, defense,
and genetic regulation of the interaction (Shameer and Prasad,
2018). P. phytofirmans PsJN has been reported as a remarkable
biocontrol agent against Botrytis cinerea on grapevine (Ait Barka
et al., 2000), Fusarium oxysporum and Verticillium dahliae on
tomato (Frommel et al., 1991b; Sharma and Nowak, 1998),
and Pseudomonas syringae on Arabidopsis (Su et al., 2017;
Timmermann et al., 2017) (Table 2). Inoculation of the grapevine
(Vitis vinifera L.) plantlets with PsJN induced their resistance
against the pathogen B. cinerea, achieving a significant reduction
of Botrytis-related necrosis (Ait Barka et al., 2000; Miotto-
Vilanova et al., 2016). The mechanism behind the protection of
in vitro- Ps]N-bacterized plantlets against the mold disease can be
explained through the direct inhibition of spore germination and
disruption of the cellular membrane hence inducing mycelium
cell death (Ait Barka et al., 2002; Miotto-Vilanova et al., 2016).
Previous studies of plant-microbe interactions have discussed the
ability of PGPB to trigger plant immune response and induce the
systemic resistance (ISR) (Pieterse et al., 2014). Several factors
have been identified to be responsible for ISR including flagella,
antibiotic, N-acyl-homoserine lactones, lipopolysaccharides,

salicylic acid (SA), jasmonic acid (JA), siderophores, and
volatile compounds (Van Loon et al., 2008; Bordiec et al., 2011).
Miotto-Vilanova et al. (2016) showed that strain PsJN-induced
resistance against Botrytis is clarified through the induction of
plant immunity response. When the bacterium is perceived by
the plant cell, no significant induction of plant-related genes was
observed. However, after the pathogen challenge, Ps]N primed
the expression of SA and JA related genes; modulated the level
of leaf sugars and accumulated the stress-related metabolites
including H,0O, and callose deposition (Miotto-Vilanova et al.,
2016).

In tomato, bacterized plants challenged with V. dahliae caused
a significant increase in plant height and biomass resulting in
better performance of plant to withstand and reduce the severity
of Verticillium wilt disease (Sharma and Nowak, 1998). Moreover,
the combination of strain PsJN and Serratia plymuthica induced
the resistance of tomato plants co-cultured with Fusarium
oxysporum sp. lycopersici (Frommel et al., 1991b).

In Arabidopsis, the strain reduced disease severity and
incidence of Pseudomonas syringae pv. Tomato DC3000
(Timmermann et al., 2017). In this study, strain PsJN-treated
plants exhibited resistance to pathogen infection via the
activation of plant signaling pathways including salicylic acid,
jasmonate, and ethylene, leading to higher expression of plant
defense-related genes. In the other hand, Su et al. (2017) showed
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TABLE 2 | The proposed mechanism behind elevation in stress tolerance of different plants provided by the endophytic strain P. phytofirmans PsJN.

Stress conditions Host Mechanisms associated to the tolerance Reference
Biotic Botrytis cinerea Grapevine Biofilm formation around Botrytis. Ait Barka et al., 2000;
stresses Miotto-Vilanova et al., 2016
Induced the expression of defense related genes (PR7, PR2, PR5,
and JAZ).
Modulated the level of leaf carbohydrate and chlorophyll
fluorescence.
Verticillium dahliae Tomato Reduced the severity of Verticillium wilt in tomato through induction Sharma and Nowak, 1998

of defense response.

Improved the performance of plant which help plant to be more
efficient to endure and reduce disease severity.

Fusarium oxysporum Tomato PsJN combined with Serratia plymuthica increased the resistance Frommel et al., 1991b
sp. lycopersici of tomato plants co-cultured with Fusarium oxysporum sp.
Lycopersici.
Pseudomonas syringae Arabidopsis Activation of plant defense-signaling pathways (salicylic acid, Suetal., 2017;
jasmonate, and ethylene). Timmermann et al., 2017
Primed the expression of plant defense-related genes (PR,
PDF1.2).
Abiotic High temperature Potato Induced the synthesis of tuberization factors, jasmonic acid which Lazarovits and Nowak,
stresses compensate abscissic acid (ABA). 1997; Bensalim et al., 1998

Induced morphological, physiological and cytological modifications
represented by sturdier stem, larger leaves, more leaf hairs, more
plastid numbers, more functional stomata leading to greater
efficiency in controlling water loss.
Low temperature Grapevine Enhanced CO2 fixation and O2 evolution. Ait Barka et al., 2006;
Theocharis et al., 2011;
Fernandez et al., 2012
Accumulated the stress-related metabolites such as starch, proline,
and phenolics and increased levels of soluble sugars (glucose,
fructose, saccharose, MBP the precursor of mannose, raffinose,
and maltose).
Enhanced the expression of antifreeze related genes (PR proteins),
cold-specific transcription factor CBF4, stilbene synthase (STS),
phenylalanine ammonia-lyase (PAL) and LOX genes.
Drought stress Maize And Increased the leaf water content by 30%. Naveed et al., 2014a,b
wheat
Reduced leaf damage.
Improved the morphological and physiological (photosynthetic rate,
water use efficiency and chlorophyll content) performance of plant.
Enhance water uptake.
Improved the ionic balance, antioxidant levels, and also increased
the nitrogen, phosphorus, potassium and protein concentrations in
the grains.
Salt stress Arabidopsis Accumulated less sodium within leaf tissues. Pinedo et al., 2015; Ledger
etal., 2016
Accelerated the accumulation of proline, ROS scavenging,
detoxification, and expression of abscisic acid signaling pathway,
and down-regulated the expression of jasmonic acid biosynthesis
related genes.
Regulated the expression of important ion-homeostasis related
genes.
Production of ACC, auxin catabolism, N-acyl-homoserine-lactone
production, and flagellin synthesis.
Heavy metal Brassica Stabilized chromium (Cr) levels in soil and reduced Cr uptake in Nafees et al., 2018
contaminated soil Cr—contaminated soil.

that PsJN, in vitro, did not exhibit direct antibacterial activity early stage of infection. In addition, bacterized seeds limited the
toward P. syringae. However, in planta, the presence of PsJN at  presence of the pathogen in the root system through priming the
the site of infection alleviates the pathogen growth during the expression of plant defense-related genes.
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Plants Under Abiotic Stress

Plants are exposed to different environmental stresses such as
drought, heat, heavy metals, and salinity which have profound
effects on plant growth and yield leading to significant reduction
in crops production. Thus, the reduction of abiotic stresses using
eco-friendly strategy is essentially important. One way to achieve
the sustainable agriculture and reduce the loss is the application
of beneficial bacteria, which provides better choice to improve the
crop productivity and enhance the plant tolerance to different
stresses. The use of P. phytofirmans strain PsJN to alleviate and
induce tolerance toward different abiotic stresses in different
crops (Table 2) has been reported, hence opening an effective and
a promising strategy for sustainable agriculture.

Heat Stress

The high temperature is a serious problem affecting plant
physiology and maturity leading to enormous crop losses. In the
field, plant growth and quality are affected by different stresses
including high temperature surrounding the plants. Since each
species has an optimum range of temperature, temperatures
exceeding this range would initiate a heat stress which is a
primary factor imposing a drastic impact on plant growth
resulting therefore in heavy losses (Hatfield et al., 2011). As a
result of global climate change, the rate of high temperature is
expected to keep on increasing in different parts of the world
which negatively influences the yield. High temperature causes
a reduction in roots and shoots development, a severe reduction
in potato tuber number and fresh weight (Bensalim et al., 1998).
Therefore, evolving low-cost strategies to enhance the plant
tolerance to heat stress would help in overcoming the negative
impact of climate change. The use of PGPB to improve the
tolerance to elevated temperature has received a lot of attention
as a promising method for sustainable agriculture. In potato,
the effect of inoculation with strain PsJN on the plant growth
at elevated temperature was reported (Bensalim et al., 1998).
As compared to non-PsJN treated (control), in vitro-plantlet
inoculated with strain PsJN showed a better performance in plant
growth likely due to the development of more secondary roots
(Frommel et al., 1991a) which lead to more water and nutrient
availability. The ability of the Ps]N strain to accumulate cytokinin
content and increase medium pH in bacterized plantlets might
also explain its significant role to modify the plant performance
and consequently increase heat stress tolerance (Lazarovits and
Nowak, 1997).

Low Temperature

Plant health can be subjected to different environmental
stresses including low temperature which affects the geographical
distribution of many plant species and causes significant impacts
in the yield of the most valuable agricultural crops (Theocharis
et al., 2012). Under low temperature, plants evolve several
physiological and molecular changes to improve their tolerance
to cold stress. This process is known as cold acclimation
which includes different modifications such as accumulation of
carbohydrates and osmolytes, the expression of stress-related
genes, and specific proteins synthesis (Ruelland et al., 2009;
Theocharis et al., 2012). The use of beneficial bacteria to enhance

chilling resistance has been reported as a new solution to induce
plant defense to cope toward cold stress (Yang et al., 2009;
Theocharis et al., 2011).

The P. phytofirmans strain PsJN was shown to help plants
to overcome chilling stress in the grapevine by inducing
physiological and biochemical changes. Ps]N-bacterized plantlets
showed significant elevation of proline, phenolics, starch
deposition, and the photosynthetic rate was also enhanced
as compared to non-PsJN treated plantlets (Ait Barka et al,
2006). Furthermore, bacterized plantlets exhibited significant
accumulation of compatible osmolytes which are involved in
cold adaptation in plants (Theocharis et al., 2011). Moreover,
Fernandez et al. (2012) demonstrated that grapevine-bacterized
plantlets, upon exposure to low temperature, accumulated more
concentrations of starch, raffinose, and mannose, and other
soluble sugars, likely related to the stimulation of reactive
oxygen species (ROS)-scavenging system by this bacterium
(Theocharis et al., 2011). The PsJN-associated tolerance to low-
temperature stress might also be related to enhanced expression
of stress-related genes stilbene synthase and phenylalanine
ammonia-lyase, involved in the synthesis of resveratrol and
SA, respectively, known for their involvement in plant stress
responses (Theocharis et al, 2011, 2012). Moreover, PsJN
enhanced the expression of cold-specific transcription factor
CBF4 and PR proteins, including acidic chitinases and a
basic glucanase, both are well known for their involvement in
grapevine resistance against pathogen attacks (Miotto-Vilanova
et al., 2016) and cold stress (Griffith and Yaish, 2004).

Drought Stress

Drought is a major abiotic stress that limits the plant productivity.
It affects plant growth and crop quality by reducing plant
water availability leading to physiological and morphological
changes such as leaf wilting, reduction in chlorophyll content,
root elongation and production of ROS (Vurukonda et al,
2016). To cope with this stress, different solutions have been
reported including the use of PGPB as a promising strategy to
improve plant growth under water deficit conditions (Yang et al.,
2009). The inoculation of plants with strain PsJN led to growth
improvement, increased nutrient uptake and helped plants to be
more tolerant to drought stress (Naveed et al., 2014a). In maize
(Zea mays L.), under drought stress conditions, inoculation with
strain PsJN resulted in more production of plant biomass and
significantly improved the physiological traits in both varieties
comparing to plant inoculated with Enterobacter sp. FD17 or
non-inoculated plant (control) (Naveed et al., 2014b). In wheat
(Triticum aestivum L.), under reduced irrigation, strain PsJN was
effective to improve relative water content, chlorophyll content,
antioxidant activities, and photosynthetic rate, and consequently
improved crop yield and quality (Naveed et al., 2014a). The
mechanism of drought-stress tolerance could be explained by the
alteration of plant defense-related genes in the presence of strain
PsJN (Sheibani-Tezerji et al., 2015).

Salt Stress
Salinity is a serious threat affecting the plant productivity
worldwide (Gupta and Huang, 2014). It defines by the
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accumulation of excessive amounts of sodium salts in the plant
tissue. As a result of salinity stress, plant can be subjected to
significant physiological disorder (s) leading to substantial loss
in crop productivity and quality. The most drastically step of
increased salinity is the ion imbalance resulting in high Na*
concentration and consequently leading to deleterious effects
on cell metabolism. Furthermore, accumulation of Na™ at high
concentration minimizes the plant’s ability to take up K™ ions,
an essential macroelement for proper growth and development

of plants (Gupta and Huang, 2014). It is involved in many plant
processes such as protein synthesis, the activation of enzymes, cell
metabolism, photosynthesis, and osmoregulation. Furthermore,
for osmotic functions, most plants have preference for K* rather
than Nat (Zhang et al., 2009). Therefore, under salinity stress,
plants require sufficient amounts of K™ ions that are captured by
the root from the soil particles. The accumulation of Na* can be
influenced by the presence of other elements. For example, the
supplement of Ca>* and Mg?* was shown to have a protective
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effect on salinity stress through the inhibition of Na+ transport
(Zhang et al., 2009).

As a result of osmotic stress, different physiological
disorders are generated including accumulation of ROS, reduced
photosynthetic capability, increased ethylene, and reduction of
root and shoot length (Zhang and Shi, 2013; Deinlein et al., 2014).
Therefore, the improvement of plant salinity tolerance is urgently
needed to cope the growing demand for crop production. The
use of plant growth-promoting bacteria as a valuable strategy to
promote the salt stress tolerance in plants have been reported
(Han et al., 2014). Plants inoculated with beneficial bacteria
were shown to increase their tolerance toward salinity stress by
maintaining the K™/Na™ ratio and reducing the sodium salts in
the cytoplasm (Zhang and Shi, 2013; Gupta and Huang, 2014).

In A. thaliana, upon exposure to salt stress, plants treated
with P. phytofirmans strain PsJN displayed different salt-stress
responses involved in ROS scavenging and ABA-dependent
pathways (Pinedo et al., 2015). PsJN-Inoculated plants induced
the expression of genes involved in ion homeostasis and one
gene associated to JA biosynthesis was down regulated. The
mechanism of salt-stress tolerance associated with PsJN could be
explained by the priming effects of the strain and maintaining
the expression of salt stress-related genes over time. Beneficial
bacteria can also induce the tolerance by the secretion of exudates
osmolytes which can act together with other osmolytes produced
by plants to reduce the negative effects of salt stress and stimulate
plant growth (Paul and Nair, 2008). The volatile compounds
(VOCs) produced by PsJN were shown to play a crucial role in
the plant growth promoting effect and tolerance to salinity stress.
Exposure of A. thaliana to VOCs produced by PsJN induced the
growth promotion and the salt-stress tolerance (Ledger et al,
2016).

CONCLUSION

Plants are exposed to different environmental stress conditions
that reduce their productivity. While no real solutions are
available to withstand abiotic stress, chemical pesticides are
mainly applied to control plant pathogens and to enhanced
crop yield and quality. However, negative impacts such as a
development of resistance in pathogenic races are generated.
Therefore, one strategy to minimize the use of synthetic
fungicides is the application of beneficial microbes able to
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Arbuscular mycorrhizal (AM) symbiosis is one of the most prominent and beneficial
plant-microbe interactions that facilitates mineral nutrition and confers tolerance to
biotic and abiotic stresses. AM fungi colonize the root cortex and develop specialized
structures called arbuscules where the nutrient exchange takes place. Arbuscule
development is a highly controlled and coordinated process requiring the involvement of
many plant proteins recruited at that interface. In contrast, much less is known about the
fungal proteins involved in this process. Here, we have identified an AM fungal effector
that participates in this developmental step of the symbiosis. RICRN1 is a crinkler
(CRN) effector that belongs to a subfamily of secreted CRN proteins from R. irregularis.
CRNs have been so far only functionally characterized in pathogenic microbes and
shown to participate in processes controlling plant cell death and immunity. RICRN7
accumulates during symbiosis establishment parallel to MtPT4, the gene coding for an
arbuscule-specific phosphate transporter. Expression in Nicotiana benthamiana leaves
and in Medicago truncatula roots suggest that RICRN1 is not involved in cell death
processes. RICRN1 dimerizes and localizes to nuclear bodies, suggesting that, similar
to other CRNSs, it functions in the plant nucleus. Downregulation of RICRNT using host-
induced gene silencing led to an impairment of the symbiosis in M. truncatula and to a
reduction of MtPT4, while ectopic expression of RICRN1, surprisingly, led to a drastic
reduction in arbuscule size that correlated with a decrease not only in MtPT4 but also
in MtBCP1, a marker for initial stages of arbuscule development. Altogether, our results
suggest that a tightly regulated expression in time and space of RICRN1 is critical for
symbiosis progression and for the proper initiation of arbuscule development.

Keywords: effectors, crinkler (CRN) proteins, arbuscular mycorrhiza, plant symbioses, arbuscule

INTRODUCTION

Most microbial activity in soils is concentrated in the rhizosphere, the area in close vicinity
to the root and influenced by the secretion of plant substances. The microbial activity of the
rhizosphere and the balance between mutualistic and antagonistic microbial interactions ultimately
determines plant health (Berendsen et al., 2012). Several rhizospheric microbes associate intimately
with plant roots establishing long lasting relationships. Among those, the mutualistic arbuscular
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mycorrhizal (AM) symbiosis is the most prominent microbial
association of roots involving the majority of terrestrial plants
(Smith and Smith, 2011). AM fungi belong to the subphylum
Glomeromycotina, from the Mucoromycota phylum (Spatafora
et al., 2016) and comprise many different genera and species
all forming the same type of symbiotic association. AM fungal
colonization is restricted to the epidermis and the cortex of
the root but excluding the endodermis. After penetration of the
epidermis, the AM fungus grows into the root cortex, inter- and
intracellularly, but never invading the plant protoplast. In inner
cells of the cortex, intracellular tree-like branched hyphae are
formed called arbuscules that are key for the nutrient exchange
with the plant (Luginbuehl and Oldroyd, 2017; MacLean et al.,
2017). The establishment and functioning of the AM symbiosis
is accompanied by an extensive and complex bidirectional signal
exchange that redirects plant and fungal development (Lanfranco
et al., 2018). Interestingly, signal exchange between AM fungi
and their host plants starts prior physical contact as it has been
shown by transcriptomic changes in host plants and in the
fungi in response to diffusible signals (MacLean et al., 2017;
Lanfranco et al., 2018), and likely continues throughout the
whole duration of the symbiosis. The identification of fungal
signals involved in AM symbiosis has been an active field of
research in the last decade with the identification of chito-
and lipochito-oligosaccharides as key molecules involved in
this interkingdom communication (Maillet et al., 2011; Genre
et al,, 2013). Perception of these signals, and likely others
not yet identified, leads to the activation of the common
symbiosis signaling pathway (SYM pathway) that controls the
accommodation of the fungus within the cortex (Luginbuehl
and Oldroyd, 2017; MacLean et al., 2017). A totally different
class of fungal signal molecules has been recently identified. AM
fungi, similar to pathogenic microbes have been shown to contain
effector molecules in their genetic repertoire (Kloppholz et al.,
2011; Tisserant et al., 2013; Lin et al., 2014; Sedzielewska Toro
and Brachmann, 2016; Kamel et al., 2017; Zeng et al., 2018).
Although only few functional analyses have been carried out with
AM fungal effectors (Kloppholz et al., 2011; Tsuzuki et al., 2016),
it is proposed that these effector proteins might contribute to
modulate the immune system of the plant and/or to facilitate
the nutrient exchange as it is the case in plant-pathogenic
fungi (Doehlemann et al., 2014). Thus, the R. irregularis SP7
(Secreted Protein 7) was shown to positively impact on the
symbiosis, counteracting the function of the pathogenesis-related
transcription factor MtERF19 (Kloppholz et al., 2011). Also,
strigolactone induced secreted protein 1 (SIS1), another effector
from R. irregularis was shown to be induced during symbiosis
and upon strigolactone treatment. Its silencing via HIGS led to a
suppression of colonization and formation of stunted arbuscules
(Tsuzuki et al., 2016). But, it is also conceivable that some AM
fungal effectors might contribute to the plant developmental
changes required for symbiosis establishment.

Among the identified AM fungal effectors in the work of
Lin et al. (2014), 42 sequences were identified with similarities
to proteins belonging to the large pathogen associated crinkler
(CRN) effector family, specifically to the highly conserved amino-
terminal (N-terminal) LFLAK domain. Among these, some

also harbor a signal peptide for secretion and other conserved
CRN domains. CRNs were first described in phytopathogenic
oomycetes such as Phytophthora spp., as a large family of
effectors located, together with the RxLR effectors, in fast-
evolving genomic regions (Torto et al., 2003; Haas et al., 2009;
Raffaele et al., 2010; Schornack et al., 2010; Amaro et al,
2017). This gene family is also present in other oomycetes
such as the legume pathogen Aphanomyces euteiches that,
interestingly, lacks RXLR effectors in its genome (Gaulin et al.,
2008, 2018; Amaro et al.,, 2017). CRNs are in fact, ubiquitously
present in all plant pathogenic oomycetes analyzed (Adhikari
et al., 2013; Shen et al,, 2013), but surprisingly absent in the
genome of animal pathogenic ones. It has been suggested that
this is an indication of their involvement in facilitating plant
susceptibility, as new transcriptomic data seems to indicate
(Gaulin et al., 2018). Interestingly, CRNs are also found outside
the oomycetes, in several fungi including the animal pathogenic
chytrid Batrachochytrium dendrobatidis (Raftaele et al., 2010; Sun
et al,, 2011) as well as in other chytridiomycota (Farrer et al,
2017). Furthermore, recent data suggests that they might be more
ubiquitously distributed than predicted, and present even in non-
parasitic free-living eukaryotes including plants (Zhang et al,
2016).

Like RxLR effectors, CRN effectors are modular proteins.
The N-terminus harbors the characteristic LFLAK domain, with
the highly conserved LxLFLAK motif and a neighboring DWL
domain, marking the end of the N-terminus with the highly
conserved HVLxxP motif. The carboxy-terminal (C-terminal)
region exhibits a large variety of domains and it has been
suggested, that recombination between different clades drives
CRN diversity (Haas et al, 2009). Extensive studies on the
functional role of CRN proteins have been carried out in plant
pathogenic oomycetes, where they have been described as effector
proteins that enter the plant cell nucleus to exert their function
(Schornack et al., 2010; van Damme et al., 2012; Stam et al,,
2013b; Rajput et al., 2014, 2015; Mafurah et al., 2015; Song et al,,
2015). Although initially CRN proteins were characterized as cell
death inducing factors (Torto et al., 2003), many studies on this
subject have proven even the opposite function (Liu et al., 2011;
Shen et al., 2013; Rajput et al., 2014, 2015). Thus, for instance,
PsCRN115 is able to suppress the cell death elicited by PSCRN63,
although these two effectors are only different in four amino
acids (Liu et al., 2011). Furthermore, it was shown that those
two CRN proteins interact with plant catalases to regulate plant
programmed cell death by modulating H,O, homeostasis and
thus overcoming host immunity (Zhang et al., 2015). Another
CRN protein shown to suppress cell death is PsCRN161. This
effector, in addition, enhances tolerance to salinity and drought
stress, extending the role of CRNs to the protection of plants
from biotic and abiotic stresses (Rajput et al,, 2015). A very
recent study has even shown that the virulence activity of the
Phytophthora capsici CRN83_152 in planta is not related to its
cell death inducing activity (Amaro et al., 2018). All these results
suggest that CRN proteins could have other functions besides cell
death induction.

While it has been shown that CRN translocation into plant
cells is mediated by the LxLFLAK motif in the N-terminus
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(Schornack et al.,, 2010), the effector function of CRN proteins
within the plant is ascribed to their C-terminal region (Liu
et al, 2011; van Damme et al, 2012; Stam et al., 2013b).
Very few CRNs were predicted to contain domains with a
putative function and for some of them this function has been
proven. Thus, for instance, PICRN8 C-terminus has homology
to serine/threonine kinases and it was demonstrated to have an
autophosphorylation activity essential for P. infestans virulence
(van Damme et al., 2012). Similarly, the PsCRN108 from P. sojae
contains a Helix hairpin Helix (HhH) motif suggesting that
CRNs could modulate plant gene expression by targeting plant
promoters. Indeed, in PsCRN108 this domain was responsible for
inhibition of heat shock proteins expression by binding to their
promoter and preventing the association of the corresponding
heat shock transcription factor (Song et al., 2015). Also, the
HhH-like endonuclease motif in AeCRN13 from the legume
pathogen A. euteiches was shown to be essential for DNA binding
in planta. CRN13 binding to DNA induces the DNA damage
response eventually leading to cell death (Ramirez-Garces et al,,
2016). Interestingly AeCRN13 is homolog to BACRN13 from
the animal pathogenic fungus B. dendrobatidis, and reciprocal
expression in amphibians or plant cells induced aberrant cell
development, suggesting a conserved mechanism of function for
both effectors.

Haas et al. (2009) proposed a CRN classification in families
grouped by the homology of their C-termini and new domains
were proposed. However, no functions could be ascribed to
those domains. In contrast, the new non-targeted analysis by
Zhang et al. (2016) that extended the presence of CRNs to
non-pathogenic organisms, allowed a re-classification of CRN
proteins and a plethora of new functional domains were
identified in their C-termini. These results have challenged our
view of CRN proteins and will allow to propose new hypotheses
regarding their evolution and function (Amaro et al., 2017).

In this work, we carried out the first characterization of
a CRN protein from the AM fungus R. irregularis. We show
that a subset of R. irregularis CRNs with a predicted signal
peptide is expressed during plant colonization. From those,
RiCRN1 accumulates concomitantly to the arbuscule marker
M1PT4. Localization of RiCRN1 was observed in nuclear bodies
and silencing of the gene led to an impairment of fungal
colonization. Most interestingly, ectopic expression of RiCRNI
in Medicago truncatula showed a drastic arbuscule phenotype.
Our data suggest a critical involvement of RiCRN1 proteins in
the establishment of a functional symbiosis.

MATERIALS AND METHODS

Plant Material and Growth Conditions

Medicago truncatula Jemalong Al7 plants were grown at 25°C
in a growth chamber (Binder GmbH, Germany) with a 16-
h light/8-h darkness period. To generate composite plants,
M. truncatula roots were transformed with Agrobacterium
rhizogenes ARqual (Quandt et al., 1993) after the protocol of
Boisson-Dernier et al. (2001) and cultivated on Fahraeus medium
for 5 weeks. Successfully transformed roots were visually selected

via constitutive expression of DsRED. Wild type roots were
removed, and composite plants were cultivated one additional
week on Fahraeus medium containing 400 mg/l Augmentin
(AmoxiClav, Hikma Farmaceutical, Portugal). Plants were then
transferred into 50 ml Falcon tubes containing a sand:gravel
(1:4) mixture inoculated with R. irregularis DAOM 197198 that
was previously propagated in monoaxenic culture with carrot
roots (1 plate inoculum for 100 ml substrate). Plants were
cultivated for 5 weeks and fertilized with a half strength low Pi
(20 pM) Long Ashton nutrient solution (Hewitt, 1966) twice
a week (5 ml). Wild type M. truncatula plants used for time
course analyses were inoculated and grown under the same
conditions.

Nicotiana benthamiana was used for transient expression of
GFP fusion proteins in localization and necrosis analyses. Plants
were grown in soil at 28°C in a growth chamber (CLF Plant
Climatics, Germany), with a 16-h light/8-h darkness period.

Rhizophagus irregularis DAOM 197198 (Schenck and Smith,
1982) was cultivated in monaxenic culture as described before
(Kuhn et al., 2010).

Bioinformatic Online Resources Used in

This Study

Signal peptide prediction analyses for RiICRN protein candidates
were carried out using SignalP3.0' and SignalP4.0* versions. All
sequences that were predicted to contain a signal peptide in at
least one of the servers were considered as putative secreted
effectors. The presence of possible NLS in RiCRN candidates
was predicted using PSORTIT’. Alignments were performed with
the ORF (full length, N-terminal, or C-terminal regions) of
all RiCRNs using Clustal Omega* and visualized with Jalview®.
N-terminal regions were defined as the amino acid sequence
located in front of the characteristic HVLxxP motif as previously
described in Haas et al. (2009). For analyses of consensus
motifs, the respective aligned (ClustalO) sequences were used
in WebLogo® to create consensus logos. For protein structure
homology-modeling of RiCRN1 and PcCRN20, the Phyre2 web
portal” was used implementing the intensive modeling mode
option (Kelley et al., 2015). The structural models obtained were
visualized and manually curated in UCSF Chimera by removing
the low confident part of the proteins. Superimposed models were
created using the integrated MatchMaker tool (Pettersen et al.,
2004). Template structures used by Phyre2 were obtained directly
from PDB®.

The multiple sequence alignment of RiCRN1 and RiCRN10
with the CR-REase 5 family was manually performed using the
same multiple sequence alignment created by Zhang et al. (2016).

'http://www.cbs.dtu.dk/services/SignalP-3.0/
Zhttp://www.cbs.dtu.dk/services/SignalP/
Shttps://psort.hgc.jp/form2.html
*http://www.ebi.ac.uk/Tools/msa/clustalo/
Shttp://www.jalview.org/node/13
Chttp://weblogo.berkeley.edu
“http://www.sbg.bio.ic.ac.uk/phyre2/
Shttps://www.rcsb.org/
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Generation of Constructs Used in This
Study

For overexpression analyses in M. truncatula roots, the carboxy
terminus of RiICRNI was amplified from cDNA (starting right
after the HVLVEPP motif), subcloned into pENTR®/D-TOPO
(Invitrogen by Thermo Fisher Scientific, Germany) and cloned
into the destination vector 2xP35S-pKGW-RedRoot (Heck et al.,
2016). For yeast two hybrid interaction studies, the ORF
of RiCRN2 (without signal peptide), MtSR45, MtUI-70k, and
RiCRN1 (without signal peptide) as well as the RiCRNI carboxy
terminus were amplified from cDNA using restriction sites,
subcloned into PCR®2.1 TOPO® (Invitrogen by Thermo Fisher
Scientific, Germany) and cloned into the bait or prey vectors
pGBKT7 or pGADT7 (Takara Clontech Bio Europe, France).
MtU2AF?? was isolated from a previous yeast two hybrid
library screen (Kloppholz et al., 2011). For localization and
necrosis analyses in N. benthamiana, the ORF of RiCRN1, with
and without signal peptide, as well as the C-terminus alone,
were amplified from ¢DNA and subcloned into pENTR®/D-
TOPO (Invitrogen by Thermo Fisher Scientific, Germany).
For localization studies, the constructs were cloned into the
destination vector pCGFP-RR (Kuhn et al, 2010) and for
necrosis assays, constructs were cloned into pK7FWG2 (Karimi
et al., 2002). For co-localization studies, the carboxy terminus
of RiICRNI was cloned into the vector pK7FWG2 (Karimi
et al., 2002) and MtSR45 was cloned into the vector pPK7RWG2
(Limpens et al.,, 2005). Silencing of RiCRNI was carried out
by host-induced gene silencing (HIGS) as described in Helber
et al. (2011). Three RNAi constructs targeting the regions from
—119 to 4200 (RiCRN1.1), +52 to +353 (RiCRN1.2), and
4209 to +514 (RiCRN1.3) with respect to the start codon ATG
were amplified from cDNA, subcloned into pENTR®/D-TOPO
(Invitrogen by Thermo Fisher Scientific, Germany) and then
cloned into pK7GWIWG2D (Karimi et al., 2002). All primers
used for cloning of the constructs described above, are listed
in Supplementary Table S2 and the three target sequences of
RiCRN1 HIGS constructs are listed in Supplementary Table S3.

Gene Expression Analyses

Total RNA extraction from M. truncatula roots was performed
using the innuPREP RNA kit (Analytik Jena AG, Germany)
and quantified using a DeNovix Ds-114Spectrophotometer
(DeNovix Inc., United States). cDNA synthesis was performed
using the reverse transcriptase SuperScriptll (Invitrogen by
Thermo Fisher Scientific, Germany) as described before (Kuhn
et al,, 2010). Quantitative real-time expression analyses were
carried out using the MESA Green 231qPCR Master Mix Plus
(Eurogentec, Germany) in a CFX Connect Real-Time PCR
Detection System (Bio-Rad Laboratories GmbH, Germany).
A total of 1 Ll cDNA (1:5) was used per well as template with the
following PCR protocol: 5 min 95°C, 15 s 95°C, 20 s 56°C, 30 s
72°C (40 cycles). Plant transcript levels and transcript levels of the
translation elongation factor 1-alpha of R. irregularis (RiTEFIa,
DQ282611) were normalized to the translation elongation factor
1-alpha of M. truncatula (MtTEFla, Medtr6g021800) while
fungal transcripts were normalized to RiTEF1a. Transcript levels

of genes were determined in three technical replicates in each
independent biological replicate. Numbers of biological replicates
are indicated in the corresponding figure legends. All primers are
listed in Supplementary Table S2.

Yeast Two Hybrid Interaction Studies

Direct protein-protein interactions were assayed by co-
transforming the bait (pGBKT7) and prey (pGADT?7) vectors in
Saccharomyces cerevisiae AH109 (Takara Clontech Bio Europe,
France). To verify successful transformation events, single
colonies were plated in a dilution series, on yeast synthetic drop-
out (SD) medium, lacking leucine, and tryptophan. Interaction
was tested on SD medium deficient of leucine, tryptophan,
histidine, and adenine. Yeast growth was validated after 5 days at
30°C.

Transient Expression of Proteins in
N. benthamiana

For localization and necrosis assays N. benthamiana leaves
were infiltrated with A. tumefaciens GV3101 or AGL1 strain,
respectively, after the protocol of Voinnet et al. (2003). The
bacterial suspension was infiltrated in leaves using a needleless
syringe. For localization studies, the bacterial suspension was
infiltrated into the whole leaf area, with a final optical density
(ODggp) of 0.5 (adjusted with AS medium supplemented with
2% sucrose). Plants were cultivated at 21°C and confocal
microscopy was performed 3 days after infiltration. For
the necrosis assay, bacterial culture was infiltrated only in
spots into the leaves, using an ODgy of 0.25 (adjusted
with AS medium without sucrose). Plants were cultivated
at 21°C and scoring of lesions was performed 7 days after
infiltration. To verify protein integrity in N. benthamiana
during necrosis analyses, a western blot was employed to
detect RiICRN1:eGFP (81.3 kDa), RiCRN1ASP:eGFP (79.7 kDa),
RiCRN-C:eGFP (78 kDa), eGFP:PcCRN20_624 (58.4 kDa),
and eGFP:PcCRN1_719 (81.5 kDa) or free eGFP (26.9 kDa).
N. benthamiana leaves expressing these constructs, as well
as untransformed leaves, were ground to a fine powder
in liquid nitrogen. Total protein extraction was performed
using a GTEN extraction buffer [25 mM Tris—-HCL (pH7.5),
150 mM NaCl, 1 mM EDTA, 10% Glycerol, 1X protease
inhibitor cocktail (completeTM, Roche), 10 mM DTT, 1 mM
PMSF and 0.2% Nonidet P40]. Extracts were spun down,
or filtrated (RiCRN1:eGFP) through Miracloth (Calbiochem,
Germany) and supernatants/flow-through (RiCRN1:eGFP) was
separated in SDS-PAGE (5% stacking-gel and 8% running-
gel) and blotted on nitrocellulose membranes. Ponceau S
staining (Sigma-Aldrich, Germany) was used to show transfer
of the protein to the membrane. Immunodetection of GFP
was carried out with an anti-GFP primary antibodies from
rabbit (G1544, Sigma-Aldrich, Germany), in a 1:4000 dilution
and a horseradish peroxidase coupled anti-rabbit secondary
antibody from goat (A0545, Sigma-Aldrich, Germany) in a
1:8000 dilution. Chemiluminescence was detected with the
ChemiSmart 5100 detector (Peqglab Biotechnology GmbH,
Germany).
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Phenotypical Analysis and Quantification

of Mycorrhization

Fungal structures were immunostained with WGA-fluorescein
as described in Rech et al. (2013) for phenotypical analysis and
quantification of mycorrhization. Quantification of mycorrhizal
structures was carried out according to Trouvelot et al. (1986).
F% represents the frequency of mycorrhization, M% the intensity
of colonization, A% the abundance of arbuscules, and 1% the
abundance of hyphae in the root system. For morphometrical
analyses of arbuscule length and width, images were taken
randomly from colonized roots. Measurements were done using
the Fiji software” on n > 200 arbuscules.

Confocal Microscopy

Microscopical analyses were done using a Leica TCS SP5
(DM5000) confocal microscope with conventional PMT
detectors and the color camera Leica DFC295 (Leica, Germany).
WGA-fluorescein stained roots and eGFP in localization analyses
were both excited with an argon laser at 488 nm. Emission was
detected from 493 to 530 nm. In co-localization studies, mRFP
was excited at 561 nm with a DPSS 561 laser and emission was
detected from 566 to 670 nm. Images were processed using the

Fiji software’.

Statistical Analyses

All data shown represent the mean of several biological replicates
indicated in each figure. Error bars represent SEM. Two-tailed
Student’s t-test was used for pairwise comparisons of qPCR data,
quantified data of mycorrhizal colonization and comparison of
morphometrical analysis of arbuscules. Significance is indicated
by asterisks (*p < 0.05; **p < 0.01; ***p < 0.001). A one-way
ANOVA with post hoc Tukey HSD Test was used to validate
significance of expression between time points of the time-course.
Different letters indicate significant difference in expression
(p < 0.05). Values of » are indicated in the corresponding figure
legends.

Data Availability

The CDS sequences of RiCRNI to RiCRN8 and RiCRNI0 have
been submitted to GenBank with the identification numbers:
MH542411 to MH542419.

RESULTS AND DISCUSSION

R. irregularis Contains a Large Number
of CRN-Like Proteins

Sequencing of the R. irregularis genome (Tisserant et al., 2013;
Lin et al,, 2014) showed the existence of several entries with
similarities to genes coding for CRN proteins, that had been
first identified in oomycetes and chytridiomycota (Haas et al.,
2009; Raffaele et al, 2010). Surprisingly, the CRN sequences
from R. irregularis identified in two different sequencing projects
revealed major differences in number and in composition,

http://fiji.sc/Fiji

indicating that perhaps the number of CRN-like sequences might
be larger than the current assemblies suggest. Indeed, the analysis
of two R. irregularis isolates (DAOM 197198 and C2) and of
G. diaphanus (data not shown) showed the existence of many
other putative CRN-like proteins lacking the LFLAK domain.
Therefore, they were not ascribed as CRNs but the presence
of several of the CRN C-terminal domains identified in Haas
et al. (2009), such as DC or DN17, indicates that they might be
bona fide CRN proteins. We decided therefore, to look at the
different data sets publicly available (Tisserant et al., 2013; Lin
etal., 2014; Chen et al., 2018) and make a global analysis of CRNs
in the symbiotic AM fungus R. irregularis. The data sets used
contained 82 and 42 sequences. Several of the genes are present
in both but often not as complete sequences. Multiple ClustalO
alignments showed the existence of clusters that corresponded
to genes having similar amino- or carboxy-terminal domains
(Supplementary Figure 1 and Supplementary Table S1).
Interestingly, although very few of the CRN-like proteins
from R. irregularis contained a signal peptide, most of them did
not, and were accordingly not predicted as secreted proteins.
This suggests that these proteins might exert their function
within the fungal cytoplasm, or that they might be alternatively
secreted. In agreement with this, in oomycetes only very few
CRN proteins contain a signal peptide, and from the rest, several
were predicted to contain other motifs that might serve for
alternative secretion (Haas et al., 2009; Gaulin et al., 2018). We
decided to first focus our attention to those R. irregularis CRN
proteins having a predicted signal peptide and thus, more likely
functioning as effectors outside the fungus. From all data sets
analyzed, only nine CRN proteins were predicted as secreted
according to SignalP 3.0 or SignalP 4.0. An alignment of these
nine proteins using ClustalO clearly showed a highly conserved
N-terminus and a more divergent C-terminus (Supplementary
Figure 2). All amino termini contained, similar to the CRNs
described in oomycetes, the LFLAK and the DWL domains,
proposed as trafficking sequences for entering the plant cell
(Schornack et al., 2010). Compared to the consensus N-terminus
of Phytophthora spp. described in Haas et al. (2009), we could
observe that in R. irregularis, the highly conserved LxLFLAK
motif is modified to LXLWKV not only in the nine secreted
CRN proteins but also in many other CRN sequences from both
genome assemblies (Figure 1A and Supplementary Table S1).
This is interesting, because deviations of the LXLFLAK motif
have been also found in some oomycetes such as Phythium or
Aphanomyces, and even more dissimilar in the chytridiomycete
B. dendrobatidis (Cheung et al., 2008; Gaulin et al., 2008, 2018;
Levesque et al, 2010; Links et al,, 2011). The consensus logo
of all these organisms for the LXLFLAK motif shows that only
the LxL triade is fully conserved (Figure 1B). Interestingly,
besides the LxLWKV motif, R. irregularis CRNs with signal
peptide also contain two other amino acids stretches highly
conserved in the LFLAK domain, and also present in the
Phytophthora consensus sequence (AFPVxI and LKxxI). This is in
marked contrast to the DWL domain, in which the conservation
is mainly restricted to the conserved HVLxxP motif that in
oomycetes has been defined as the amino acid stretch marking
the end of the N-terminus (Haas et al,, 2009). Given these
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commonalities and disparities, we wondered how the protein
structure of RiICRNI, as a representative of the secreted AM
CRNs, would correspond to PcCRN20, a CRN protein from
P. capsici, known to elicit cell death in leaf tissue (Stam et al,,
2013b). To assess this, three-dimensional models of RiCRN1 and
PcCRN20 N-termini were created using the structure prediction
server Phyre2 according to proteins of the -GRASP (ubiquitin-
like) domain superfamily (IPR012675) (Figures 1C,D). This is
consistent with the predictions made by Zhang et al. (2016) that
considered the N-termini of CRN proteins as header domains
containing the ubiquitin-like fold. N-termini of RiCRN1 (amino
acids 1-104) and PcCRN20 (amino acids 1-65) show high
similarities in protein structure, with the exception of one extra
loop in RiCRN1 located at the transition from the LFLAK to the
DWL domain (Figure 1C).

The analysis of the C-termini of secreted R. irregularis CRN
proteins showed that 6 of 9 contained at least one nuclear
localization domain (NLS), in some cases more, like RICRN10
that contained three (Figure 2A). This is similar to the presence
of NLS in about 60% of oomycetes CRNs, and consistent
with the nuclear localization observed for most CRN proteins
analyzed (Haas et al., 2009; Schornack et al., 2009; Gaulin et al.,
2018). Besides the NLS, three R. irregularis CRNs (RiCRN4,
RiCRNS5, and RiCRN10) were previously predicted to contain
the DN17 domain (Lin et al., 2014) while RiICRN2 was shown
to contain the DC domain (Tisserant et al., 2013; Lin et al,,
2014; Chen et al., 2018). However, none of these two domains
have a clearly ascribed function. In contrast, most of the secreted
R. irregularis CRNs contained functional domains such as REases
(Restriction Endonucleases 5, 6, and 8), NTPase4 and HhH
domains (Supplementary Table S1) according to the prediction
by Zhang et al. (2016).

Using a percentage of identity matrix for all predicted secreted
R. irregularis CRNs, it could be observed that five of them
(RiCRNT1, RiCRN4, RiCRN5, RiCRNS, and RiCRN10) showed a
high conservation in their C-terminus (Figure 2B). From those,
three of them (RiCRN5, RiCRNS8, and RiCRN10) were annotated
as containing an REase5 domain, while RICRN4 was, in contrast,
predicted to contain an REase6 domain due to the presence of
an extra amino acid stretch (Zhang et al.,, 2016). RiCRN8 is a
shorter sequence than the rest and despite the high homology
to RiCRN5 and RiCRN10, its potential REase5 domain is likely
not detectable. RiICRN1 was not included in the analysis of
Zhang et al. (2016). Therefore, in order to investigate whether
RiCRNI1 could also contain an REase5 domain, we aligned it
with the sequences from the REase5 family used in the Zhang
analysis. The results showed, that indeed, all critical amino
acids, including those of the catalytic domain, are conserved
in RiCRN1. Therefore, we hypothesize that this protein also
contains an REase5 domain (Figure 2C).

CRN1 a Novel Effector Protein From

R. irregularis

In order to investigate the role that predicted secreted CRN-
like proteins might play in R. irregularis during the interaction
with plants, we first analyzed their expression during symbiosis.

From those nine CRN genes, several were not expressed at
all or only at low levels in M. truncatula mycorrhizal roots
(RiCRN3, RiCRN4, RiCRN6, RiCRN7, and RiCRNS). In contrast,
RiCRN1, CRN2, CRN5, and CRN10 showed relatively high levels
of expression in planta (Supplementary Figure 3). We could also
detect a possible CRN-like pseudogene in this group, RiCRN3,
that contains a premature stop codon and a predicted kinase
domain not in frame, suggesting that some CRN-like proteins
might be subjected to rapid evolution as it has been shown for
Phytophthora (Haas et al., 2009).

The expression of RiCRN1, 2, 5, and 10 was further analyzed
in a time-course manner in M. truncatula plants inoculated
with R. irregularis. Plants were harvested at 2, 3, 4, and
5 weeks post inoculation (wpi) and the fungal colonization
levels assessed by the expression of the fungal marker RiTEFIa.
The level of functional symbiosis was determined by the
expression of the phosphate transporter MtPT4 which is a key
marker for arbuscule-containing cells and its function directly
relates to the symbiotic phosphate download that takes place
at these structures (Harrison et al., 2002; Javot et al., 2007).
The four CRN-like genes analyzed showed different patterns
of expression with RiICRNI accumulating progressively during
symbiosis (Figure 3A). A Pearson’s correlation analysis with
MtPT4 showed that only RiCRNI had a moderate positive
correlation to this marker, while it is difficult to predict a trend
for the other three genes (Figure 3B). This is interesting because
CRNs from Phytophthora have been shown to have differential
patterns of expression during infection. Thus, for instance CRNs
from P. capsici can be divided in two groups according to
their expression patterns, with Class 1 upregulated in early and
late stages of colonization and Class 2 with expression that
gradually increases to peak in late stages (Stam et al., 2013a,b).
In Phytophthora, a correlation with the presence of the DN17
C-terminal domain and an effector expression at later stages was
observed (Stam et al., 2013a,b). However, RiICRN5 and RiCRN10,
which presumably contain the DN17 domain and are highly
similar to RiCRN1, do not show this expression trend. Thus, it
seems unlikely that the presence of the DN17 is related to the
timing of expression in AM fungi. CRN effectors have been so
far only functionally analyzed in pathogenic organisms, therefore,
and given its pattern of expression, we decided to investigate the
function of RiCRN1 during the mycorrhizal symbiosis.

RiCRN1 Localizes to Nuclear Bodies

To date, all functionally characterized CRN effector proteins
have been shown to localize to the nucleus when expressed
in planta (Haas et al., 2009; Schornack et al, 2010; Stam
et al, 2013a,b; Mafurah et al, 2015; Song et al., 2015;
Zhang et al,, 2015). Interestingly, distinct nuclear localization
patterns could be observed for different CRN proteins,
suggesting that they might not all perform the same function
(Stam et al., 2013a,b). In order to analyze whether RiCRN1,
that possesses two predicted NLS, also localizes to the cell
nucleus and if yes to which region, the protein was tagged
with GFP at its carboxy-terminus. Localization analyses were
performed in N. benthamiana leaves. Three different versions
of the protein were employed, the full-length (RiICRN1:eGFP),
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FIGURE 1 | Candidate CRN effectors from R. irregularis containing a predicted signal peptide. (A) Alignment of the N-terminal regions of RICRN proteins containing
a predicted SP (SignalP-3.0 or 4.0) with the consensus sequence of the R infestans LFLAK and DWL domains (Haas et al., 2009). At the position of the R infestans
highly conserved LxLFLAK motif, a modified version (LxLWKV) is present in almost all R. irregularis sequences. Moreover, most RiICRNs show two additional
conserved motifs (AFPVDI and VGLKxxIKA) within the Phytophthora LFLAK domain.
motif, which marks the end of Phytophthora N-terminal CRN region. (B) Comparison of LxLFLAK-like motifs present in different organisms. This motif is highly
conserved in oomycetes but less conserved in fungi. The LxL triade is conserved in all organisms. (C) Partial three-dimensional models of the N-terminal regions of
RICRN1 and PcCRN20_624 obtained from Phyre2 show the fold of the Ubiquitin-like superfamily and can be superimposed. Amino acids included in each model
are indicated. (D) Protein structures from the 6 PDB templates used by Phyre2 to model the N-terminus of RICRN1 are shown. The structures belong to the
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Except for RICRN7, all R. irregularis members harbor the characteristic HVLxxP

the carboxy-terminus starting after the HVLxxP-like motif
(RiCRN1-C:eGFP) and the full-length without secretion peptide
(RiICRN1ASP:eGFP) (Figure 4A). Confocal microscopy analyses
showed that RiCRN1 and RiCRN1-C were exclusively observed
in nuclear bodies (Figure 4B). In contrast, expression of RICRN1
without signal peptide but still containing the LFLAK-like
domain (RiICRN1ASP:eGFP) showed cytoplasmic and nuclear

localization, with variable patterns and only sometimes at nuclear
bodies (Figure 4C). This suggests that the presence of the
putative entry domain (LFLAK domain) might perturb protein
localization. We hypothesize that RiCRNI in the natural context
localizes to nuclear bodies and that the C-terminus is responsible
and sufficient for this localization. This is in line with results from
oomycete CRNs that show that the C-terminus is sufficient to
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target the proper nuclear localization and for the induction of
cell death (Schornack et al., 2010; Stam et al., 2013b). Our results
also suggest that RiICRNT1 is able to enter the plant cell on its own
without the requirement of additional fungal proteins.

RiCRN1 Forms a Homodimer

Some CRN proteins have been shown to form homo and
hetero-dimers and this process to be essential for their
function at controlling plant immunity (Li et al., 2016). Thus,
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FIGURE 3 | Expression analysis of a subset of R. irregularis CRN effectors during symbiosis with M. truncatula. A time course experiment was carried out to analyze
the expression of RICRN1, RICRN2, RICRN5, and RICRN10 during symbiosis of R. irregularis with M. truncatula. (A) Expression of the R. irregularis elongation factor
1a (RITEFTa), the phosphate transporter and arbuscule marker MtPT4, and the R. irregularis CRN effectors CRNT, CRN2, CRN5, and CRN10 were analyzed at 2, 3,
4, and 5 weeks post inoculation (wpi). Expression is shown as relative expression to M. truncatula elongation factor 1o (MtTEF1a) for MtPT4 and RITEFTa or to
RITEF1a for RICRN1, RICRN2, RICRN5, and RICRN10. All four CRNs are expressed during the symbiosis, albeit with different patterns. Error bars represent SEM
with n = 3 biological replicates for all time points. A one-way ANOVA with post hoc Tukey HSD test was used to validate significance of expression between time
points. Different letters indicate significant difference in expression (p < 0.05). (B) A Pearson’s correlation analysis was carried out between expression of MtPT4 and
the R. irregularis CRN1, CRN2, CRN5, and CRN10. RICRNT1 is the only CRN gene showing a moderate correlation (- > 0.50) with the arbuscule marker MtPT4.

homodimerization of PsCRN63 was shown to be critical for
suppressing immunity and induction of cell death. Interestingly,
PsCRN63 can also heterodimerize with PSCRN115, which is only
4 amino acids different, as well as with two other dissimilar
CRN proteins. PSCRN115 has an opposed function to PsSCRN63
and suppresses host defenses (Liu et al., 2011). Thus, it is
possible that homo- and heterodimerization processes among
CRNs could be critical to control the output of effector functions
in plants (Amaro et al., 2017). In order to investigate whether
RiCRN1 could form homo- or heterodimers with a different type
of CRN protein, yeast two hybrid analyses with RiCRN1 and
RiCRN2 were carried out (Figure 5A). Interestingly, RiCRN1
expressed without signal peptide, and in contrast to RiCRN2,
was able to dimerize. However, both proteins did not interact
with each other. Noteworthy, RiICRNI1-C was sufficient to
confer homodimerization, suggesting that dimerization could be
important for RiICRN1 function at nuclear bodies. Nuclear bodies
are often occupied by splicing components such as Ul-70K,

U2AF3°b, or SR proteins and are then called speckles (Al et al.,
2008; Day et al, 2012). Therefore, in order to test whether
RiCRNI1 could be part of the splicing machinery, interaction
assays with those splicing components were also analyzed by
yeast two hybrid (Figure 5A). The results showed that RiICRN1
did not interact, at least directly, with any of those components.
Furthermore, co-localization experiments with MtSR45 showed
localization of the proteins in different nuclear bodies strongly
excluding each other (Figure 5B). Altogether, it appears that
RiCRN1 might play a role in planta as a dimer but functionally
not related to splicing.

RiCRN1 Does Not Control Plant Cell
Death

As mentioned above, CRN proteins were initially described
as triggers for crinkling and necrosis phenotypes in planta
(Torto et al., 2003). However, further functional analyses of this
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FIGURE 4 | RiICRN1 localizes to the plant nucleus. (A) Domain organization of RICRN1 constructs employed for localization assays. (B) Confocal imaging shows
localization of ectopically expressed RICRN1 versions fused to eGFP in N. benthamiana epidermal cells. Free DsRed was co-expressed as control for transformation
and labels the plant nucleus and cytoplasm. RICRN1:eGFP and RICRN1-C:eGFP localize to distinct nuclear foci. No or only a weak signal is visible in the cytoplasm.
In contrast, RICRN1ASP:eGFP localizes to the cytoplasm and nucleus similar to free eGFP. Right panels show fluorescence intensity at specific transects marked in
the overlay pictures. ROl indicates start of transection lines for fluorescent intensity measurements. White arrowheads indicate cytoplasmic areas. n = nucleus. Scale
bar = 50 um. (C) Representative localization pictures of the three RICRN1 versions in nuclei. RICRN1:eGFP as well as RICRN1-C:eGFP localize to discrete nuclear
foci, while RICRN1ASP:eGFP shows variable nuclear patterns: even nuclear distribution, localization in foci or absence from the nucleus. Scale bar = 5 pm.
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FIGURE 5 | RICRN1 forms a homodimer but does not interact neither with RICRN2 nor with several splicing factors. (A) A direct interaction assay was carried out
using the Y2H system. RICRN1ASP was tested for interaction with itself, RCRN2ASP and the splicing factors MtSR45, MtU1-70K, and MtU2AF3®. In addition,
RICRN1-C was assayed for interaction with itself, RICRN1ASP and RICRN2ASP. Successful transformation was confirmed by growth on SD-LW medium in serial
dilutions. Positive interaction was visualized on SD-LWHA medium. RICRN1 is able to form a homodimer but does not interact with RICRN2 ASP or any of the tested
splicing factors. (B) A co-localization experiment was carried out in N. benthamiana leaves with ectopically expressed RICRN1-C fused to eGFP and the splicing
factor MtSR45 fused to mRFP. Confocal imaging shows localization of both fusion proteins in distinct nuclear foci, however, strongly excluding each other. Right
panel shows fluorescence intensity at specific transects marked in the overlay pictures. ROI indicates start of transection lines for fluorescent intensity measurement.
Scale bar = 10 um.

large family showed that although some CRNs do induce
necrosis, many others do not, and some of them rather
function by preventing host cell death (Liu et al, 2011;
Shen et al,, 2013; Rajput et al, 2014, 2015). Thus, one of
the functions ascribed to several CRNs is to be regulators
of cell death (Amaro et al, 2017). In order to investigate
the ability of RiCRN1 to induce cell death, we infiltrated
N. benthamiana leaves with Agrobacterium tumefaciens carrying

RiCRN1 fused to GFP expressed under the control of the
CaMV 35 S promoter. The assay was performed either with
the full-length sequence (RiICRN1:eGFP), the carboxy terminus
(RiCRN1-C:eGFP) or with RiCRN1ASP:eGFP lacking the signal
peptide. As positive and negative controls, the Phytophthora
capsici effectors PcCCRN20_624 and PcCRN1_719 were used
(Stam et al., 2013a,b), both also fused to GFP and under
the control of the CaMV 35S promoter. The results showed
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FIGURE 6 | RICRN1 does not control cell death in N. benthamiana. (A) To test a potential ability of cell death induction, a necrosis assay was carried out in

N. benthamiana. For transient expression, leaves were infiltrated with A. tumefaciens carrying the constructs RICRN1:eGFP, RICRN1ASP:eGFP and
RICRN1-C:eGFP as well as PcCRN20_624 (positive control), PcCRN1_719 (negative control) and eGFP (negative control). Photographs were taken 7 days after
infiltration. Quantification is shown as numbers of leaves displaying necrosis compared to the total amount of leaves assayed per construct. Infiltration sites of the
three RICRN1 versions show healthy leaf tissue with no induced cell death. (B) To assay a putative function of RICRN1 as cell death inhibitor, the necrosis elicitor
PcCRN20-624 was co-infiltrated with RICRN1:eGFP, RICRN1ASP:eGFP and RICRN1-C:eGFP. Co-infiltration of PcCRN1_719 with the three RICRN1 constructs as
well as PcCRN20_624 with eGFP served as negative controls. Photographs were taken 7 days after infiltration. Quantification is shown as numbers of leaves
displaying necrosis compared to the total amount of leaves assayed per construct. Cell death induced upon PSCRN20_624 was never inhibited by RICRN1 versions.

that none of the RiCRN1 versions are able to induce cell (Figure 6B). These results suggest that the function of RiICRN1

death in N. benthamiana leaves, similar to the negative control
PcCRN1_719 or to GFP. In contrast, leaf areas infiltrated with
the positive control, the effector PcCCRN20_624, clearly showed
cell death symptoms (Figure 6A and Supplementary Figure 4).
To test whether RiICRN1 could prevent the cell death elicited
by PcCRN20_624, co-infiltration experiments were carried out.
However, none of the RiCRN1 versions were able to decrease
the number of cell death events elicited by PcCRN20_624

is not associated to cell death processes, at least in leaves.
This is perhaps not surprising given that R. irregularis only
colonizes roots and not leaves. However, expression of RiCRNI
in M. truncatula roots (see below) or in A. thaliana plants (results
not shown) does not induce cell death. Thus, it indicates that
RiCRNI1 function is not related to cell death but rather to the
colonization process of the fungus, as the expression analysis
suggests.
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FIGURE 7 | Host-induced gene silencing of RICRN in mycorrhizal M. truncatula plants. (A) M. truncatula composite plants expressing three RNAi constructs
targeting different regions of the gene RICRN7 (HIGS CRN1.1, CRN1.2, and CRN1.3) were inoculated with R. irregularis. Expression of RITEF1a, MtPT4 and the
R. irregularis effectors CRN1, CRN5, and CRN10 were analyzed at 5 wpi. Expression is shown as relative expression to MtTEF1a for MtPT4 and RITEFTa or to
RITEF1a for RICRN1, RICRN5, and RICRN10. RICRN1 is downregulated compared to the EV control, significantly for constructs HIGS CRN1.1 and HIGS CRN1.2. In
contrast, RICRN5 and RICRN10 as potential off-targets are not. The expression of the arbuscule marker MtPT4 is reduced in plants expressing all three constructs,
being significant for HIGS CRN1.2. Expression of RITEF1a is not changed as compared to the EV control. Error bars represent SEM with n = 9 biological replicates
for each condition. Student’s t-test was used to validate significance of expression between the three different RNAi conditions and the EV control (*p < 0.05).
(B) Mycorrhizal quantification was calculated after Trouvelot et al. (1986). Intensity of colonization (M%), arbuscule abundance (A%), and hyphal abundance (1%) in
the root system are significantly reduced in HIGS CRN1.2 compared to the EV control. M% is also significantly reduced in HIGS CRN1.3. While frequency of
colonization in the root system (F%) is constant in all conditions. Error bars represent SEM with n = 9 biological replicates for each condition. Student’s t-test was
used to validate significance of results comparing the different RNAi conditions with the EV plants (*p < 0.05). (C) Shoot and root fresh weight was also determined
at 5 wpi. Compared to the EV control, none of the RICRNT HIGS constructs seem to have an effect on shoot weight. In contrast, HIGS CRN1.2 and HIGS CRN1.3
induced a significant reduction in root biomass.
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R. irregularis. Visualization of R. irregularis colonization at 5 wpi was carried out by wheat-germ agglutinin (WGA)-FITC immunostaining. Arrowheads indicate
arbuscules in both conditions. Note the smaller arbuscule size in RICRNT-C overexpressing plants. Scale bars represent 100 wm. (B) Mycorrhizal quantification was
made after Trouvelot et al. (1986). A reduction of arbuscule abundance in the root system (A%) is significant compared to the EV control. Error bars represent SEM
with n = 6 biological replicates for each condition. Student’s t-test was used to calculate significance of results, comparing RICRN7-C expressing with EV plants

(*p < 0.05). (C) Expression of RITEF1a, MtPT4, MtBCP1, and the R. irregularis effector CRN1 were analyzed 5 wpi. Expression is shown as relative expression to
MIETEF1a for MtPT4, MtBCP1, and RITEF1a or to RITEF1a for RICRN1. Error bars represent SEM with n = 6 biological replicates for each condition. Student’s t-test
was used to calculate significance, comparing RICRNT expressing with EV plants (*p < 0.05). (D) Arbuscule size and distribution in arbuscule populations of
mycorrhizal M. truncatula roots 5 wpi. Arbuscules were measured in width and length as illustrated. Distribution of arbuscule size (area) within the root system is
shown in percentage. Arbuscules were categorized based on area (0-500, 500-1000, and 1000-1500 um?). Data represent averages of n = 6 biological replicates.
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used to calculate significance between RICRN7-C and EV composite plants (*p < 0.05; **p < 0.01; ***p < 0.001).
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RiCRN1 Silencing by HIGS Leads to a

Reduction in Mycorrhizal Colonization

In order to link the function of RiCRN1 to the colonization
of the fungus and the establishment of the symbiosis, and
given that AM fungi cannot be genetically manipulated,
we attempted its inactivation using HIGS (Helber et al,
2011). There has been, as far as we know, few publications
where CRN proteins were inactivated in other organisms,
possibly given the difficulty to transform them. However, Liu
et al. (2011) successfully silenced PsCRN63 and PsCRNII15 in
P. sojae and interestingly those silenced lines had a reduced
virulence that correlated with a diminished ability to suppress
cell death and defense responses. Also, silencing PcCRN4
in P. capsici reduced the pathogen virulence and boosted
the host defenses of the plant (Mafurah et al, 2015). To
silence RiCRNI, three silencing constructs were employed that
targeted different regions of the gene and nine transgenic
plants were used per construct. Plants were then mycorrhized
for 5 weeks. The results showed that two of the constructs
did significantly downregulate the expression of RiCRNI
in planta (Figure 7A), albeit only ca. 30%, as compared to
control plants transformed with an empty vector (EV). This
is not surprising considering the mechanism of function of
HIGS and the difficulties of obtaining fully downregulated
fungal transcripts with this methodology. Nevertheless, the
moderate downregulation led to a decrease in mycorrhizal
intensity (M%) for two of the constructs and in one of
them, HIGS-CRN1.2, also to a significant reduction in the
number of arbuscules (A%) (Figure 7B). This correlated
with a significantly lower expression of the arbuscule specific
marker, the symbiotic plant phosphate transporter MtPT4
(Figure 7A) in these silenced plants. In addition, mycorrhization
of HIGS-CRNI1 plants had an impact on root biomass, with
a significant decrease observed in HIGS-CRN1.2 and HIGS-
CRN1.3 plants (Figure 7C). Given that RiCRN1 is highly
homologous to RiCRN5 and RiCRN10 that are also expressed
in planta, we analyzed the off-target effects of the HIGS-
CRN1.2 silencing construct on these two CRNs (Figure 7A).
The results showed that HIGS-CRN1.2 did not silence RiCRN5
or RiCRNI10. Altogether, these data indicate that reduction
of RiCRNI expression affects symbiosis progression and plant
growth.

Ectopic Expression of RiICRN1 Impacts

on Arbuscule Development

To further get insights into the specific function of RiCRN1
during symbiosis, transgenic plants ectopically expressing the
effector domain (RiCRN1-C) were created. It has been shown
for some CRN effectors such as AeCRN13 from A. euteiches
or PcCRN4 from P. capsici, that their expression in planta
increases the susceptibility towards the pathogenic oomycete
Phytophthora capsici (Mafurah et al., 2015; Ramirez-Garces
et al., 2016). Thus, we hypothesized that the expression of
RiCRNI, which increases concomitantly to the expression
of MtPT4, could be related to a mechanism to facilitate

the development of arbuscules. The expression of RiCRNI-
C did not significantly modify plant growth nor produced
browning symptoms that could indicate cell death induction
(Supplementary Figure 5). This is different from the results
observed in M. truncatula plants ectopically expressing CRN13
from A. euteiches and B. dendrobatidis, that were abnormally
developed (Ramirez-Garces et al., 2016). Also, expression of
RiCRNI-C did not affect the mycorrhizal colonization levels
(Figures 8A,B). However, in contrast to our prediction, the
number of arbuscules was significantly reduced (Figure 8B).
In agreement, overexpression of RICRNI-C did not alter the
RiTEF1a levels in roots but almost abolished the expression of
the phosphate transporter MtPT4 (Figure 8C). Because silencing
of RiCRNI also impacted in arbuscule function, we wondered
whether the negative effect of the ectopic expression of RiCRN1
on arbuscule number was related to the development of new
arbuscules. Thus, we also analyzed the expression of MtBCP1,
a marker for arbuscule initiation (Gutjahr and Parniske, 2013),
and similarly to MtPT4, its expression was much reduced
in roots overexpressing RiCRNI-C (Figure 8C). These results
suggest that RiICRNI1 plays a specific role during arbuscule
development. Morphometric analyses of arbuscules in RiICRNI-
C overexpressing roots confirmed that hypothesis, showing that
arbuscules were not only less but also significantly smaller than in
control plants (Figures 8A,D). Furthermore, the size distribution
of arbuscules between both treatments was significantly altered,
with a much higher proportion of smaller arbuscules (0-
500 pm?) in RiICRN1-C roots and a reduction in larger arbuscules
(Figure 8D). Thus, it appears that RICRN1 rather plays a
role in controlling arbuscule initiation, and that the amount
of transcript together with the time and place of expression
is critical for its proper function. Arbuscule development is
a highly concerted process where many genes have to act in
a coordinated manner (Gutjahr and Parniske, 2013; MacLean
et al., 2017). In this scenario, RiICRNI accumulates during
mycorrhiza establishment parallel to arbuscule development
suggesting that it is mainly expressed in arbuscules, and that
its targets might be located in plant cells that harbor them. In
contrast, overexpression of RiCRNI is constitutive, high, and
ubiquitous and therefore it might prevent the coordinated action
on its plant targets.

CONCLUSION

Here, we show that AM fungi contain a repertoire of putative
CRN effectors that besides the SP7-like proteins represent a
new family of effectors characterized in an AM fungus. This
is unique because although CRN effectors are widespread in
plant-pathogenic oomycetes, they have never been described
in a fungus interacting with plants. Most of the AM CRNs
do not contain a signal peptide and thus, if they are secreted,
the mechanisms of their unconventional secretion should be
investigated. A small set of R. irregularis predicted CRNs
contains a canonical signal peptide, and several of them
accumulate during fungal development in planta. Here, we have
functionally analyzed RiCRN1 and showed that it localizes in
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nuclear bodies different from speckles, forms dimers and
does not induce plant cell death. Its expression pattern
and its effect during symbiosis suggest an involvement in
arbuscule development. Thus, RiCRNI expression is necessary
for symbiosis progression as shown by the silencing experiments,
and its ectopic expression negatively impacts the initiation of
arbuscule formation. However, given that several other similar
CRNs exist and are expressed during symbiosis, more studies
of the whole family and their plant targets will be required
to fully understand the role of R. irregularis CRNs in the AM
symbiosis.
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There is an increasing importance for using biocontrol agents in combating plant
diseases sustainably and in the long term. As large scale genomic sequencing
becomes economically viable, the impact of single nucleotide polymorphisms (SNPs)
on biocontrol-associated phenotypes can be easily studied across entire genomes
of fungal populations. Here, we improved a previously reported genome assembly of
the biocontrol fungus Clonostachys rosea strain IK726 using the PacBio sequencing
platform, which resulted in a total genome size of 70.7 Mbp and 21,246 predicted genes.
We further performed whole-genome re-sequencing of 52 additional C. rosea strains
isolated globally using lllumina sequencing technology, in order to perform genome-wide
association studies in conditions relevant for biocontrol activity. One such condition is
the ability to grow at lower temperatures commonly encountered in cryic or frigid soils in
temperate regions, as these will be prevalent for protecting growing crops in temperate
climates. Growth rates at 10°C on potato dextrose agar of the 53 sequenced strains of
C. rosea were measured and ranged between 0.066 and 0.413 mm/day. Performing
a genome wide association study, a total of 1,478 SNP markers were significantly
associated with the trait and located in 227 scaffolds, within or close to (<1000 bp
distance) 265 different genes. The predicted gene products included several chaperone
proteins, membrane transporters, lipases, and proteins involved in chitin metabolism with
possible roles in cold tolerance. The data reported in this study provides a foundation
for future investigations into the genetic basis for cold tolerance in fungi, with important
implications for biocontrol.
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Broberg et al.

Genome-Wide Analysis of Clonostachys rosea

INTRODUCTION

As the human global population grows and plant pathogens and
pests increase and spread, sustainable agricultural production,
and disease control increases in importance to ensure future
food security (Syed Ab Rahman et al., 2018). Biological control
agents (BCAs) demonstrate an environmentally sustainable and
potent alternative to current industrial pesticide practices in
agriculture, due to the risk chemicals may pose to human and
animal health (Syed Ab Rahman et al., 2018). The mycoparasitic
fungus Clonostachys rosea (Link: Fr.) Schroers, Samuels, Seifert &
W. Gams, comb. nov. (Schroers et al., 1999) is a widely studied
BCA, effective against several economically important fungal
plant pathogens such as Botrytis cinerea, Bipolaris sorokiniana,
Fusarium spp., and Sclerotinia sclerotiorum (Knudsen et al., 1995;
Sutton et al., 1997; Teperi et al., 1998; Xue et al., 2009; Rodriguez
et al, 2011). The sexual form (teleomorph) is described as
Bionectria ochroleuca (Schw.) Schroers & Samuels, and certain
strains readily produce sexual fruiting bodies (perithecia) in
single culture indicating its homothallic mode of reproduction
(Schroers et al., 1999). The biocontrol effect of C. rosea can be
derived from its ability to directly parasitize plant pathogenic
fungi, but also from exploitation competition for space and
nutrients and from interference competition via antibiosis (Li
et al.,, 2002; Rodriguez et al., 2011; Jensen et al., 2017).

Active growth in colder temperatures (below 15°C), is an
important trait for a BCA to be effective in the field in
temperate climates such as in the Nordic countries. This enables
rapid colonization of seeds, wounds and other substrates for
efficient exploitation competition, but is also important for
maintaining high metabolic activity. This trait was originally
one of the reasons for the selection of certain C. rosea strains
as BCAs, e.g, for control of F. culmorum on wheat and
barley at 15°C (Knudsen et al., 1995; Teperi et al., 1998). On
the molecular level, mechanisms of cold tolerance in fungi
partly overlap with other abiotic stress tolerances. Estimations
suggest that approximately 85% of the biosphere is constantly
subjected to temperatures of 5°C or lower (Li et al, 2012).
Cold tolerance can be associated with changes in cell wall
composition (carbohydrates, proteins and pigments), changes
in lipid and osmolyte composition of cell membranes and the
RNA translation and protein folding machinery (RNA helicases,
trehalose, chaperone proteins), alcohol metabolism, transport
proteins and mitochondria (Ellison et al., 2011; Blanc et al,,
2012; Treseder and Lennon, 2015). Temperature such as cold
has also been identified as a major environmental factor for
organisms to adapt to, as it is one of the major environmental
forces limiting life (D’Amico et al., 2002; Blanc et al,, 2012; Li
et al., 2012). Cold adaptation has been studied across free-living
and plant-associated fungi to assess the temperature effects on
adaptation, for example as a driving force for environmental
colonization in plant-associated fungi and population divergence
in fungi such as Neurospora crassa (Robinson, 2001; Ellison
et al, 2011; Li et al, 2012). For fungi, cold tolerance
may further be associated with osmotic stress tolerance, and
spore survivability in low water, low nutrient conditions
(Ruisi et al., 2007).

As genome sequencing has become cheaper and more user
friendly, performing large-scale comparative genomics is now
a standard practice for the identification of single nucleotide
polymorphisms (SNPs), and determining their association
with phenotypes of interest using genome-wide association
studies (GWAS). The GWAS approach allows for statistical
determination of SNPs of interests over a population of
individuals with a shared evolutionary history. Previously,
GWASs have been performed on fungal pathogens such as
Heterobasidion annosum, Zymoseptoria tritici, Parastagonospora
nodorum, and Fusarium graminearum (Dalman et al, 2013;
Gao et al., 2016; Talas et al, 2016; Hartmann et al., 2017).
However, as far as we are aware, no GWAS on fungal BCAs
have been performed to date. The C. rosea strain IK726
genome was originally sequenced using short reads of the
Mlumina platform (Karlsson et al., 2015). However, the modern
sequencing technology of the PacBio platform is allowing for
more comprehensive and accurate genomics, by sequencing
reads that are thousands to hundreds of thousands of base pairs
(bp) in length instead of a few hundred bp (Roberts et al., 2013).
This provides a very potent framework when combined with
short read sequencing for assembling genomes (Schadt et al.,
2010; Rhoads and Au, 2015; Chakraborty et al., 2016).

In this study, we evaluate the potential for performing GWAS
in a fungal BCA. We present a re-sequenced genome of C. rosea
IK726, combining the previously published genome scaffolds
with long contigs gained from PacBio sequencing into a second,
improved version of the genome, expanding the size from 58.3
to 70.7 Mbp and adding 6,497 predicted genes to a total of
21,246. In addition, we used Illumina technology to re-sequence
the genomes of 52 additional C. rosea strains and performed
a GWAS for growth rate in cold temperature (10°C). The
analysis identified 1,478 SNP markers associated with the trait
and certain genes located in the vicinity were predicted to encode
several chaperone proteins, membrane transporters, lipases, and
proteins involved in chitin metabolism with possible roles in
cold tolerance. This genomic study updated the C. rosea IK726
genome, established a population genomic dataset for C. rosea
and revealed important genomic regions for future studies of cold
tolerance in this very promising BCA.

MATERIALS AND METHODS
Fungal Growth and Culture Conditions

Clonostachys rosea strains (Supplementary Table 1) were revived
from glycerol stocks stored at —80°C, and maintained on potato
dextrose agar (PDA; Oxoid, Cambridge, UK) at 25°C in darkness.
Two growth rate assays were performed in triplicates for each
strain by inoculating % strength PDA petri dishes with an agar
plug with actively growing mycelium, followed by incubation at
10°C and 25°C, respectively, in darkness. Growth measurements
of strains at 10°C were made by marking the edges of the fungal
mycelium in four places in a square shape on the petri dish
at 4 days and 28 days post inoculation. The mean change in
millimeters between the 4-day and 28-day marks was measured
and divided by 24 to provide data as mm growth per day.
Growth measurements at 25°C were done in the same manner,
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but measured from the edge of the inoculation agar plug to the
mycelial front at 5 days post inoculation. Growth rate data at
10°C were analyzed by analysis of variance (ANOVA) using the
Welch’s test implemented in Minitab ver. 18 (Minitab Inc., State
Collage, PA), while pairwise comparisons were made using the
Games-Howell method at the 95% significance level. Growth rate
data at 25°C were analyzed by ANOVA using a general linear
model approach implemented in Minitab ver. 18 (Minitab Inc.,
State Collage, PA). Pairwise comparisons were made using the
Fisher method at the 95% significance level. Linear regression
analysis was performed by Pearson correlation in Minitab ver. 18
(Minitab Inc., State Collage, PA). Principle component analysis,
using the R programming language, was performed in order to
detect whether there was any correlation between geographical
location of isolate origin and growth at 10°C.

For DNA extraction, strains were grown in 200ml liquid
Czapek-Dox medium (Sigma-Aldrich, Steinheim, Germany),
Vogel’s minimal medium (Vogel 1956) or malt extract (1.75 %)
with peptone (0.25 %) medium at room temperature, shaking
at 120 rpm. Cultures were harvested after 3-13 days, depending
on growth rate, by snap freezing in liquid nitrogen, and then
freeze-dried.

Genomic DNA Extraction and Sequencing
High-quality =~ genomic =~ DNA  was  extracted using
CTAB/chloroform extraction for Illumina sequencing or
Qiagen-tip 100 (Qiagen, Hilden, Germany) for PacBio
sequencing (Menkis et al,, 2015). Starting material for both
protocols were freeze-dried mycelium ground with sand in a
mortar and pestle. The CTAB/chloroform was scaled up to 50 ml
falcon tubes with 10 ml CTAB-buffer and two to four rounds of
chloroform extraction. Qiagen-tip 100 DNA extractions followed
the Qiagen genomic DNA handbook with modifications of
the yeast protocol. Instead of making spheroplasts, extraction
started with adding G2 buffer to the ground mycelium and
thereafter following the protocol. Regardless of protocol, at
the precipitation step DNA was harvested with a glass hook
and the remaining DNA was pelleted by centrifugation. For
PacBio sequencing the harvested DNA was used, while for
Mlumina sequencing the harvested DNA was mostly used but
the precipitated DNA was used in a few cases. DNA quality and
concentrations were measured with Nanodrop (Thermo Fisher
Scientific, Waltham, MA), Qubit dsDNA BR assay kit (Thermo
Fisher Scientific, Waltham, MA) and agarose gel electrophoresis.

Base coverage of the C. rosea IK726 genome was generated
using PacBio RSII Technology with an insert length of 20
kbp using standard library preparation kits. Base coverage of
additional C. rosea genomes were generated using Illumina
HiSeqX paired end sequencing with an insert length of 350 bp
and read length of 150 bp using standard library preparation
kits. The PacBio long reads were assembled into polished contigs
using HGAP and the SMRT workflow (Chin et al., 2013).

Genome Assembly and Annotation, SNP

Calling and Population Structure Analysis
The previously reported genome assembly of C. rosea IK726
(Karlsson et al., 2015) was combined with the polished contig

output of the PacBio sequencing using quickmerge (Chakraborty
et al,, 2016). The PacBio contigs and the original assembly were
compared using MUMmer ver. 3.23 (Delcher et al., 2003). The
merged genome (version 2) was annotated using a pipeline
described previously (Karlsson et al., 2015). For the additional
52 C. rosea strains, Illumina reads were aligned against the C.
rosea IK726 ver. 2 genome using Bowtie 2 ver. 2.2.4 (Langmead
and Salzberg, 2012). The alignments were further analyzed with
SAMtools ver. 0.1.18 for filtering out PCR duplicates (Li et al.,
2009). Variant calling was performed on filtered alignments
using a combination of Freebayes ver. 1.0 and the bamaddrg
script for adding read groups to binary alignment map (BAM)
files (Garrison and Marth, 2012; Garrison, 2018). Population
structure analysis was performed on the 53 isolates using
Structure ver. 2.3.4 (Hubisz et al., 2009) using 8,000 randomly
sampled SNPs across the population. Linkage disequilibrium
(LD) was determined by using vcftools ver. 0.1.15, and to
calculate 72 using a 10 kbp window (Danecek et al., 2011).

Genome-Wide Association Study

The GWAS was performed using PLINK ver. 1.90 (Purcell
et al., 2007), using the parameters—maf 0.1—hwe le-5 for
SNP filtering. The SNPs were annotated using the ANNOVAR
software (Wang et al., 2010). The resulting beta and beta standard
deviation from the PLINK analysis were used as input to the R
package ashr, for empirical Bayesian multiple hypothesis testing,
for estimating local false sign rate (Ifsr) for more appropriate
significance estimation (Stephens, 2016). We used an Ifsr of 0.05
as cut-off for significance. In addition, we used false discovery
rate (FDR) correction for multiple testing as implemented
in PLINK. Identification of conserved protein modules and
features were made using the conserved domain database (CDD,
Marchler-Bauer et al., 2017) and the transporter classification
database (TCDB, Saier et al., 2016).

Chitin Synthase Phylogenetic Analysis

The amino acid sequences of the C. rosea chitin synthetases
CRV2G00008512 and CRV2G00019295 were used to search
GenBank at the National Center for Biotechnology Information
(NCBI) for similar sequences using the BlastP algorithm. Amino
acid sequence alignment was performed using MUSCLE (Edgar,
2004; Tamura et al., 2013), in the MEGA®6 software. Phylogenetic
analysis was performed using Maximum Likelihood methods
implemented in MEGAG6. Pairwise gap deletion was performed
and the substitution model used was WAG with gamma
distributed rates. Statistical support was performed using 1,000
bootstrapped resamplings of the tree.

Nucleotide Accession Numbers

Sequencing analysis files for all isolates in this study except
C. rosea 1IK726 (deposited separately described by Karlsson
et al., 2015) were deposited under the study accession number
PRJEB26874 at the European Nucleotide Archive/European
Molecular  Biology = Laboratory-European Bioinformatics
Institute repository. PacBio sequencing files for the re-sequencing
of C. rosea strain IK726, and the updated genome annotation
were also deposited under ENA project PRJEB26874.
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RESULTS

Growth Rates at 10°C and 25°C Differs

Between C. rosea Strains

Growth rates of 53 C. rosea strains at 10°C were normally
distributed, ranged from 0.066 to 0.413 mm/day (Table1),
and there were significant differences between strains (P <
0.001). The lowest growth rates were recorded for strains CBS
708.97, SHW-1-1, 1881, and IK726 originating from USA, China,
Slovenia and Denmark, respectively. The highest growth rates
were recorded for two strains from Slovenia (1832 and 1882)
and strain CBS 188.33 from the Netherlands. No connection
between growth rate and geographic origin was detected
(Supplementary Figure 1). Growth rates at 25°C were normally
distributed, ranged from 0.940 to 3.796 mm/day (Table 1), and
there were significant differences between strains (P < 0.001).
There was a weak correlation between growth rates at 10°C and
25°C (r* = 0.178, P = 0.025), indicating that the mechanisms for
cold tolerance were distinct from the basis for high growth rate at
ambient temperature. Therefore, the growth rate at 10°C for each
strain was normalized by the growth rate at 25°C (Table 1) for
the GWAS analysis, to enable identification of SNPs and genomic
regions specifically contributing to higher growth rate at colder
temperature.

PacBio Sequencing Results in an Improved

Genome Assembly of C. rosea IK726

PacBio sequencing of the C. rosea IK726 genome resulted in 71.2
Mbp sequence data. The PacBio reads were subjected to error
correction of the longest reads by subread filtering, mapping
and de novo assembly of all reads into long polished contigs
using HGAP ver 3.0 and the SMRT pipeline (Chin et al., 2013;
Roberts et al., 2013). Combining the polished contigs of the
PacBio sequencing with the previously reported Illumina-based
genome of C. rosea IK726 (Karlsson et al, 2015), expanded
the genome from 58.3 (ver. 1) to 70.7 (ver. 2) Mbp across 767
scaffolds (Supplementary Table 2). N50 increased from 790 kbp
to 1.9 Mbp, and the gap length decreased from 924 to 207 kbp
(Supplementary Table 2). Comparisons between ver. 1 and ver. 2
using MUMmer revealed a strong correlation between the longer
PacBio contigs and the ver. 1 genome (Supplementary Figure 2).
Several smaller PacBio contigs were left without a corresponding
scaffold of the old version, demonstrating the superior coverage
generated by PacBio. A total of 21,246 genes were predicted,
although this number dropped to 17,508 when excluding
exclusively ab initio predicted genes.

GWAS Identifies SNPs Associated With
Growth Rate at 10°C

The 52 Illumina-sequenced genomes exhibited an average
alignment percentage to the C. rosea genome ver. 2 of 91%
(Supplementary Table 1). The genomes had an average of 2.6
Gbp of total reads with a Q value of >30, resulting in an
average coverage of 35X. Initially, we used vcftools to extract a
total of 1,898,673 SNPs. These were further filtered during the
GWAS analysis with PLINK, filtering SNPs using a minor allele
frequency cut-off of 10% and a Hardy-Weinberg statistic of 107>,

leaving 63,726 SNPs. Based on 8,000 randomly sampled SNPs
from the vcftool results, no population structure among the 53
strains was detected using the Structure software. The LD half
decay distance was determined to 625 bp (Figure 1). Overall, the
unfiltered SNPs were identified across 717 scaffolds (Figure 2,
Supplementary Table 3).

Empirical Bayesian multiple hypothesis testing identified
an association between 1,478 SNP markers and normalized
growth rate at 10°C with an Ifsr lower than 0.05
(Supplementary Table 4). These 1,478 SNPs were located
on 227 different scaffolds (Supplementary Table4). A
single SNP (unitig 823:6016) was identified as associated
with normalized growth rate at 10°C using FDR correction
(Supplementary Table 4).

Gene Content in Genomic Regions

Associated With Growth Rate at 10°C

Out of the 1,478 significantly cold growth associated SNP
markers, 581 were located within or close (<1,000 bp) to
265 different genes, mostly predicted to encode proteins with
unknown function (Supplementary Table4). Out of these,
175 SNPs were located in exonic regions, 37 in intronic
regions, 2 in splice sites, and 40 in the untranslated regions
(UTRs) on the 3’ or 5 ends. 145 of the 1,478 SNPs were
highly significant according to the ashr analysis (Ifsr <10710),
The 20 most significant SNPs based on ashr are depicted in
Table 2. The most common gene ontology categories were
catalytic activity (GO:0003824), protein binding (GO:0005515),
metabolic process (GO:0008152), oxidoreductase activity
(GO:0016491), oxidation-reduction process (GO:0055114), ATP
binding (G0:0005524), and zink ion binding (GO:0008270).
The most highly associated SNP to growth rate at 10°C
according to standard PLINK association (P = 1.5%1077,
FDR = 0.01) was located in gene CRV2G00015476. This
gene was predicted to encode a beta lactam utilization protein,
LamB. Nineteen SNPs were identified in an intergenic region
between a gene for a predicted short-chain dehydrogenase
(CRV2G00018099) and a gene for a predicted glutathione-
dependent formaldehyde-activating enzyme (CRV2G000
18100).

Ten and eight SNPs, respectively, were identified close, exonic
or within 1,000 bp up- or downstream, to two genes predicted to
encode mitochondrial chaperone proteins (CRV2G00019610 and
CRV2G00008672) (Supplementary Table 4). Two additional
genes encoding heat shock protein (HSP) chaperones contained
exonic SNPs; the small ATP-independent HSP chaperone
CRV2G00019134 and the ATP-dependent HSP70 chaperone
CRV2G00021296. Four SNPs were identified close, exonic,
or within 500 bp upstream, to a gene for a predicted efflux
membrane protein (CRV2G00021344). A more detailed analysis
revealed that is was a major facilitator superfamily (MFS)
transporter from the drug:H™ antiporter-2 family (2.A.1.3), with
the highest sequence similarity to members from the 2.A.1.3.33,
2.A.1.3.65, and 2.A.1.3.73 subfamilies that are implicated in
drug, fungicide, or fungal secondary metabolite export. We also
identified SNPs nearby (<700 bp) two additional genes putatively
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TABLE 1 | Growth rates of Clonostachys rosea strains on PDA at 10°C and 25°C, and adjusted growth at 10°C.

Isolate Cold growth mm/day PDA growth mm/day Cold rate/PDA rate Origin
GG-1-2 0.201 0.940 0.214 Asia

2177 0.326 1.656 0.210 Europe

CBS 705.97 0.399 2.202 0.181 North America
JLB-7-1 0.347 1.923 0.181 Asia

K216 0.326 1.811 0.180 Europe

2178 0.358 2.020 0.177 Europe

1832 0.410 2.416 0.170 Europe

2176 0.295 1.755 0.168 Europe

1316 0.326 2.022 0.161 Europe

K371 0.309 2.035 0.152 Europe

B13 0.396 2.683 0.148 Oceania

1701 0.260 1.881 0.138 Europe

CBS 188.33 0.410 3.000 0.137 Europe

CBS 376.55 0.399 2.952 0.135 North America
CBS 193.94 0.372 2.850 0.130 South America
GL-1-1 0.313 2.474 0.126 Asia

1882 0.413 3.290 0.126 Europe

1829 0.194 1.550 0.125 Europe

1833 0.233 1.857 0.125 Europe

CBS 178.28 0.333 2.800 0.119 Europe

CBS 287.78 0.226 1.921 0.117 North America
CMI192798 0.344 2.930 0.117 Europe
GJS89-34 0.295 2.525 0.117 South America
CBS 154.27 0.326 2.828 0.115 North America
CBS 907.72E 0.351 3.061 0.115 Asia

CBS 907.72D 0.281 2.458 0.114 Asia

1884 0.208 1.856 0.112 Europe

CBS 100502 0.233 2141 0.109 Europe

CBS 148.72 0.278 2.588 0.107 Europe

1827 0.174 1.627 0.107 Europe
SDT-5-1 0.208 1.985 0.105 Asia

CBS 421.87 0.285 2.825 0.101 Europe

CBS 222.93 0.219 2.210 0.099 South America
1830 0.215 2175 0.099 Europe
SYP-4-2 0.191 1.971 0.097 Asia

1883 0.278 2.892 0.096 Europe

CBS 704.97 0.160 1.724 0.093 North America
NHH-61-2 0.188 2.074 0.090 Asia
STG-21-1 0.142 1.586 0.090 Asia

CBS 569.69 0.191 2.200 0.087 Europe
JXLS-1-1 0.267 3.240 0.083 Asia

CBS 649.8 0.194 2.383 0.082 Africa
SHW-1-1 0.122 1.561 0.078 Asia

IBT7519 0.194 2.531 0.077 Europe

CBS 100000 0.201 2.776 0.073 Oceania
NHH-48-2 0.174 2.426 0.072 Asia

CBS 907.72G 0.222 3.315 0.067 Asia

1885 0.174 2.700 0.064 Europe

CBS 706.97 0.184 2.969 0.062 North America
CBS 277.5 0.188 3.045 0.062 North America
1881 0.128 2.446 0.053 Europe

IK726 0.132 3.138 0.042 Europe

CBS 708.97 0.066 2.002 0.083 North America
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encoding MFS eftflux pumps from the same drug:H+ antiporter-
2 family (CRV2G00015724 and CRV2G00018834), also
implicated in drug resistance. Other transport protein-encoding
genes associated with significant SNPs were CRV2G00019382
and CRV2G00018067 encoding homologs of Saccharomyces
cerevisiae FMP42, possibly associated with mitochondria.

We also identified two different genes encoding putative
esterases/lipases (CRV2G00019392, CRV2G00021710) with
three and one SNPs, respectively, exonic or within 600 bp
downstream, significantly associated with growth rate at cold
temperature. We detected seven SNPs close to or within three
genes associated with chitin metabolism; CRV2G00008512,
CRV2G00019295 (chitin synthases), and CRV2G00019292 (the
chiA4 chitinase). Additionally, we identified CRV2G00012293
(chitinase domain containing protein) with a significantly cold
growth associated SNP at a distance of 2794 bp (Table2). A
sequence analysis of CRV2G00008512 and CRV2G00019295
showed that they displayed similarity with chitin synthases
from other Sordariomycete fungi (Supplementary Table 5). A
phylogenetic analysis further revealed that CRV2G00019295
clustered together with chitin synthase 1 from N. crassa,

while CRV2G00008512 was more distantly related with chitin
synthases from other Sordariomycetes (Figure 3). Besides
the two previously mentioned mitochondrial chaperone
protein genes and the FMP42 transporters, additional genes
in close proximity with significant SNPs were predicted
to encode proteins related to mitochondrial functioning;
CRV2G00021544 putatively encoding a mitochondrial kinase
activator of the bcl complex required for the biosynthesis of
Coenzyme Q and CRV2G00019380 similar to a mitochondrial
aminolevulinate synthase involved in heme biosynthesis
(Supplementary Table 5). We also detected three SNPs
associated (one 6578 bp upstream, two in the 5 UTR region) with
CRV2G00020684, and one SNP associated with CRV2T00007803
(exonic), associated with frequency clock protein (FRQ)
encoding gene in C. rosea (Supplementary Table 4, Table 2).

DISCUSSION

Fungi exhibit several advantages for applying GWA analysis such
as small genomes, a haploid life stage and production of high
numbers of clonal propagules that can be used for repeated
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FIGURE 2 | Unfiltered SNPs in Clonostachys rosea across all scaffolds, numbered as described in Supplementary Table 3. Manhattan plots of the scaffold positions
and P-values of cold growth for all SNPs across the all scaffolds. The red line indicates a P-value of 0.05-log1g.

phenotypic assessments. Especially the possibility to genotype
haploid individuals by sequencing makes GWAS particularly
powerful, since the phenotype is the results of a single haplotype
and not a result of two haplotypes as in the diploid case
where heterozygosity can confound the signal. Despite these
advantages, GWA analyses have not yet been utilized to study the
genetic basis for biocontrol traits in fungal BCAs. In this study,
we therefore set out to establish C. rosea as a population genomic
model system for BCA fungi and to evaluate its usefulness for
GWAS.

A high-quality reference genome with few gaps is an
important aspect for a successful GWAS. The PacBio sequencing
platform has been shown to improve older assemblies, primarily
for eukaryotic organisms, by reconciling the long reads with
older second generation short read sequencers (Chakraborty
etal., 2016; Jayakumar and Sakakibara, 2017). Combining PacBio
polished contigs with Ilumina-based sequences substantially
increased N50 and decreased gaps in the C. rosea ver. 2 genome.
It also increased the total genome size to 70.7 Mbp, which
is considerably larger than the genomes of other hypocrealean
mycoparasitic species (Karlsson et al., 2018) such as Trichoderma

spp- (31.7-39.0 Mbp, Kubicek et al., 2011; Studholme et al.,
2013; Xie et al.,, 2014), Tolypocladium ophioglossoides (31.2 Mbp,
Quandt et al., 2015) and Escovopsis weberi (29.5 Mbp, de Man
et al., 2016). The draft genome of the closely related species
C. chloroleuca (Moreira et al., 2016) is 55.4 Mbp (Sun et al,,
2015), although this was based on Illumina-technology only and
therefore comparable to the C. rosea ver. 1 genome of 58.3 Mbp
(Karlsson et al., 2015). The large genomes of Clonostachys spp.
is however comparable to certain related Fusarium spp., such
as F. solani (51.1 Mbp, Coleman et al., 2009) and F. oxysporum
(61.4 Mbp, Ma et al, 2010). The C. rosea ver. 2 genome was
predicted to contain 21,246 genes that were 6,978 more than
ver. 1 (Karlsson et al., 2015). However, 3,738 of these genes were
solely predicted through ab initio methods and some of these may
represent artifacts, suggesting that the total gene number in C.
rosea is between 17,508 and 21,246.

We further established a population genomic dataset by
sequencing the genomes of 52 different C. rosea strains. The high
coverage of the Illumina-based genomes and the high sequence
similarity with the strain IK726 ver. 2 genome indicate high
quality of the generated genomes. Previous fungal GWASs have
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TABLE 2 | Top 20 highest significance SNPs reported to be associated with growth rate at 10°C in ashr analysis.

SNP Ifsr Location Location Annotation NCBI Conserved domain
search
unitig_630:6733 0.00 intergenic CRV2G00019736(dist = 3623) Protein of unknown function No conserved domains identified
unitig_878:353 0.00 intergenic NONE . .
unitig_760:385 0.00 intergenic CRV2G00020684(dist = 6578) Similar to FRQ Frequency clock FRQ domain
protein
unitig_47:563 0.00 intergenic NONE
unitig_47:602 0.00 intergenic NONE
unitig_793:2158 0.00 intergenic CRV2G00016485(dist = 1475) Protein of unknown function No conserved domains identified
unitig_793:2167 0.00 intergenic CRV2G00016485(dist = 1484) Protein of unknown function No conserved domains identified
unitig_298:2434 0.00 intergenic NONE
unitig_298:2460 0.00 intergenic NONE
unitig_280:2479 0.00 intergenic NONE
unitig_345:10970 0.00 intergenic CRV2G00021787(dist = 1241) Protein of unknown function FN3-like domain
unitig_246:11272 0.00 exonic CRV2G00021642 Similar to fmpE Nonribosomal AFD class | superfamily, alpha
peptide synthetase am amid superfamily
unitig_640:12334 0.00 exonic CRV2G00022020 Protein of unknown function Fungal_TF_MHR, GAL4, DNA
pol3 gamma3 superfamily
unitig_640:12340 0.00 exonic CRV2G00022020 Protein of unknown function Fungal_TF_MHR, GAL4, DNA
pol3 gamma3 superfamily
unitig_818:85374 0.00 intergenic CRV2G00017605(dist = 1606) Mitochondrial chaperone UhpC superfamily
BCS1-B
unitig_601:93320 0.00 intergenic CRV2G00019351(dist = 7767) Protein of unknown function Fasciclin domain
unitig_643:109199 0.00 intergenic CRV2G00019327(dist = 50251) Similar to betA Choline dehydrogenase
Oxygen-dependent choline
dehydrogenase
unitig_697:153157 0.00 upstream CRV2G00018410(dist = 872) Protein of unknown function No conserved domains identified
unitig_823:628705 0.00 intergenic CRV2G00015724(dist = 3408) Similar to FUS6 Efflux pump TRI12 Superfamily
FUS6
scf_014:970797 0.00 intergenic CRV2G00012293(dist = 2794) Protein of unknown function GH18 chitinase-like superfamily

glycosyltransferase_2_protein_[Trichoderma_atroviride_IMI_206040] NCBI GenelD:25775715
9
glycosyltransferase_2_[Trichoderma_reesei_QM6a] NCBI GenelD:18485384

chitin_1_[Fusarium_graminearum_PH-1] NCBI GenelD:23557036
100 2

chs-1_[Neurospora_crassa_OR74A]_chitin_synthase NCBI GenelD:3877520

CRV2G00019295

CRV2G 12

chs-4,_variant_[Neurospora_crassa_OR74A]_chitin_synthase_4 NCBI GenelD:3880177

49 hypothetical_FGSG_01964_[Fusarium_graminearum_PH-1] NCBI GenelD:23549370

L ——glycosyltransferase_2_protein_[Trichoderma_atroviride_IMI_206040] NCBI GenelD:25776287

‘ .
100L
glycosyltransferase_2,_chitin_synthase_[Trichoderma_reesei_QM6a] NCBI GenelD:18488106
FIGURE 3 | Phylogenetic analysis of Clonostachys rosea chitin synthases. Amino acid sequences of selected chitin synthases were aligned using MUSCLE and a

phylogenetic analysis conducted using maximum likelihood methods. Bootstrapped branch statistics values are depicted above the branches. The bar indicates
mean number of amino acid substitutions per site. Protein identifiers include NCBI Gene ID number.

used both smaller and larger populations to successfully associate (119 strains) and with azole sensitivity in Rhynchosporium
SNP markers with virulence in H. annosum (23 strains), Z.  commune (120 strains) (Dalman et al., 2013; Gao et al., 2016;
tritici (106 strains), P. nodorum (191 strains), with virulence, = Mohd-Assaad et al., 2016; Talas et al., 2016; Hartmann et al.,
deoxynivaleol production and azole sensitivity in F. graminearum  2017).
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Another requirement of successful GWA analyses is the
presence of enough recombination events in the population.
The homothallic reproductive mode of C. rosea (Schroers et al.,
1999) may be an obstacle for this type of analysis if repeated
selfings between identical genomes results in an essentially
clonal population. However, the high genetic variation and rapid
LD decay detected in our worldwide C. rosea population is a
strong indication of reoccurring outcrossing between genetically
different strains, showing that C. rosea is a facultative homothallic
species. Genetically distinct C. rosea individuals have been
isolated from the same field in Denmark (Bulat et al., 2000),
indicating local genetic variation. Another homothallic species,
Aspergillus nidulans, has been shown to occasionally outcross,
resulting in genetic recombination within populations (Kronstad,
2007; Lopez-Villavicencio et al., 2013). Recombination and
possible outcrossing has also been reported for Aspergillus
fumigatus and Letharia species (Kroken and Taylor, 2001; Pringle
et al., 2005).

High variation in growth rate at 10°C in C. rosea, with
no connection with the geographic origin of the strains
and the lack of genetic population structure indicate that
a GWAS of the trait is possible. High growth rate at
lower temperature may be an important trait for BCAs,
especially for rapid colonization of new substrates with limited
amounts of competing microorganisms such as wounds, flowers,
and developing roots (Jensen et al., 2016). The connection
between cold tolerance and interference competition through
mycoparasitism or antibiosis (Jensen et al., 2017) is less well
established. In fact, C. rosea strain IK726 was among the most
slow-growing strains at 10°C in our study, at the same time as
it repeatedly has been shown to be a very efficient BCA against
several different fungal plant pathogenic species (Jensen et al.,
2007).

The normal distribution of the cold tolerance trait in C.
rosea further suggests a polygenic inheritance that depends
on several different genes. Many medically and agriculturally
relevant traits are in fact multigenic and it has been notoriously
difficult to achieve a reliable estimation of the true effect size
of individual loci to genetic variation contributing to polygenic
phenotypic differences (Boyle et al., 2017). Thus, the emerging
view of the genome as a uniform distribution of contributing,
however small, sequence variants to different phenotypes, the
“omnigenic” model, highlights the propensity to underestimate
the true significance of SNPs and similar genomic variations on
a trait (Boyle et al,, 2017). So, in line with the omnigenic trait
view of the genome, we used the R package ashr that produces
SNPs with a true effect size of zero or non-zero (Stephens, 2016).
Recently, ashr has been used in some GWASs as an empirical
Bayes large scale hypothesis testing alternative to false discovery
rate analysis, by using effect size and its standard error, instead of
using only one parameter, such as P-values (Stephens, 2016; Boyle
et al,, 2017; Petit et al., 2017). The approach by Stephens (2016)
has been proposed to be more robust when dealing with large
scale hypothesis testing, producing a local false sign rate (lfsr) as
an analogous alternative to false discovery rate. The use of ashr
allowed us to identify 1,478 SNPs significantly associated with C.
rosea growth rate at 10°C, located physically (<1000 bp) close to
about 265 genes.

As C. rosea is found globally, an evolved ability for cold
tolerance would be integral for a generalist lifestyle across
climates (Knudsen et al., 1995; Robinson, 2001; Abreu et al.,
2014; Karlsson et al., 2015; Moreira et al., 2016). One important
reason for wanting to study cold tolerance refers to the survival
in temperate and arctic regions, as well as, in cold storage
spaces, imperative for the long-term practical function and
fitness of BCAs. The mechanisms for adapting to cold are
numerous, and may include secretion of proteins with high
catalytic efficiency active at low temperatures, transporters, lipid
metabolism, secretion of secondary metabolites that counteract
freezing damage of the membrane and intracellularly (Robinson,
2001; Blanc et al., 2012). Temperature and day length, depending
on the geographical location, have been suggested to be major
environmental factors impacting local adaptation of diverging N.
crassa populations (Ellison et al., 2011). Significant SNPs were
identified in or close to three genes encoding putative chaperone
proteins. Regulation of mitochondrial chaperone proteins has
been identified in association with temperature adaptation in
diverse organisms such as the moth Epiblema scudderiana and
the fungus S. cerevisiae (Schmitt, 1996; Lyons et al, 2015;
Zhang et al, 2018). As chaperone proteins have also been
discussed as important for cold tolerance in plants as well, this
result demonstrates an interesting basis for further studies of
chaperone importance in cold stress in C. rosea (Al-Whaibi,
2011). Several other genes putatively encoding proteins related
to the mitochondria were identified by the GWAS, and further
emphasize the importance of mitochondrial functioning for
abiotic stress tolerance. The importance of mitochondrial activity
in response to cold stress has been discussed in both animals and
plants (Mollica et al., 2005; Fangue et al., 2009; Karami-Moalem
et al., 2018).

Chitin is an important component of the fungal cell wall,
and balancing chitin synthesis and degradation provides the
appropriate plasticity and rigidity needed for hyphal growth
(Specht et al., 1996). Therefore, it was interesting to find two
putative chitin synthase genes and the chiA4 chitinase gene
among the genes associated with cold tolerance. The chiA4 gene
was reported to be constitutively expressed in C. rosea (Tzelepis
et al., 2015), which fits well with a role in cell wall modeling
during growth. Chitinases have also been implicated in cold
tolerance in plants (Nakamura et al., 2008; Kashyap and Deswal,
2017). Certain fungal chitin synthases have also been associated
with adaptation to temperature stress (Lenardon et al., 2009; Liu
et al., 2017). The chitin synthase encoded by CRV2G00019295
was found to be most related to chs-1 in N. crassa, which has
been found to play a major role in cell wall biogenesis (Yarden
and Yanofsky, 1991).

Three different putative membrane efflux transporter genes
from the MFS drug:H+ antiporter-2 family also contained SNPs
associated with cold tolerance. Both the MFS transporter families
2.A.1.3.33 and 2.A.1.3.65 are shown to evolve under selection
for increased gene copy numbers in C. rosea, emphasizing
the importance for membrane transport in the lifestyle of C.
rosea (Nygren et al., 2018). The connection between membrane
transport and cold tolerance is less established. Efflux pumps
have been associated with cold stress adaptation in bacteria,
specifically by Moraxella catarrhalis, where cold stress reportedly
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activates transcription and efflux activity the AcrAB-OprM
system (Spaniol et al., 2015). Furthermore, studies indicate a
connection between ions, secondary metabolite production (such
as flavonoids) and membrane transport with cold tolerance
in animals and plants (Kaplan, 2004; Wei et al., 2006; Storey
and Storey, 2012; Wang M. et al, 2013; Wang X. C. et al,
2013). Additionally, secondary metabolites such as melanin
have proven to be important in adjustment to temperature for
the fungus R. commune and Cryptococcus neoformans (Rosas
and Casadevall, 1997; Zhu et al., 2018). Thus, differences
in transporter effectiveness due to differing alleles between
strains may impact the ability of fungi to adjust their osmotic
equilibrium, concentration of important metabolites for protein
stability and membrane stability.

Finally, indications of lipid modifications in C. rosea as a
response to colder temperatures comes from the association
of SNPs situated in several putative lipases. Lipid structure
and concentration is important for cold adaptation in many
organisms (Arthur and Watson, 1976; Upchurch, 2008; van
Dooremalen et al., 2011; Treseder and Lennon, 2015) and
further studies of the association between the lipases and cold
tolerance C. rosea is warranted. Comparative genomics and a
growth assay at 10°C of N. crassa has suggested that the FRQ
protein may be of significance in cold resistance, in part due
to the link between lower temperatures and less daylight hours
across geographical location (Ellison et al., 2011). From the
GWAS we detected four significant SNPs associated with two
genes in C. rosea encoding predicted FRQ proteins with some
homology (~80-90% cover, 33-36% identities) to N. crassa FRQ;
CRV2G00020684 (one SNP 6578 bp upstream, two in the UTR5
region) and CRV2G00007803 (one exonic SNP). These results
support the link between growth in cold and FRQ (Table 2,
Supplementary Table 4).

We here present an improved genome assembly of C. rosea
strain IK726 and whole-genome re-sequencing of an additional
52 C. rosea strains, thereby establishing C. rosea as the premier
model species for genomic investigations of fungal BCAs. We
further show that GWAS is a powerful tool for studying the
genetic basis for phenotypes related with biocontrol activity.
We identified an association between cold tolerance and SNPs
residing in multiple genes, encoding putative mitochondrial
chaperone and abiotic stress proteins, membrane efflux transport
proteins, and lipases. These genes are of interest for further
studies of cold stress and potential biocontrol efficiency in
temperate climates.
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Resistance (R) genes and endophytic organisms can both protect plants against
pathogens. Although the outcome of both processes is the same, little is known about
the commonalities and differences between both immune responses. Here we set out to
phenotypically characterize both responses in the tomato-Fusarium pathosystem, and
to identify markers to distinguish these responses at the molecular level. As endophyte
Fusarium oxysporum (Fo) strain Fo47 was employed, which confers protection against
various pathogens, including the vascular wilt fungus F. oxysporum f.sp. lycopersici (Fol).
As R-gene conferring Fol resistance, the /-2 gene of tomato (Solanum lycopersicum)
was used. Fol colonizes the xylem vessels of susceptible and /-2 resistant tomato
plants, but only causes disease in the former. Fol was found to colonize the vasculature
of endophyte-colonized plants, and could be isolated from stems of non-diseased
plants co-inoculated with Fo47 and Fol. Because the xylem vessels form the main
interface between plant and pathogen, the xylem sap proteomes during R gene-
and Endophyte-Mediated Resistance (RMR and EMR) were compared using label-free
quantitative nLC-MS/MS. Surprisingly, both proteomes were remarkably similar to the
mock, revealing only one or two differentially accumulated proteins in the respective
resistant interactions. Whereas in /-2 plants the accumulation of the pathogenesis-
related protein PR-5x was strongly induced by Fol, the endophyte triggered induction of
both NP24, another PR-5 isoform, and of a B-glucanase in the presence of Fol. Notably,
over 54% of the identified xylem sap proteins have a predicted intracellular localization,
which implies that these might be present in exosomes. In conclusion, whereas both
resistance mechanisms permit the pathogen to colonize the vasculature, this does not
result in disease and this resistance coincides with specific induction of two distinct
PR-5 isoforms and a p-glucanase.

Keywords: endophyte, biocontrol, Fusarium wilt disease, proteomics, NP24, PR-5x, exosomes
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de Lamo et al.

Fusarium Wilt Resistance Analyzed With Proteomics

INTRODUCTION

Fungal plant pathogens form a major threat to food and
feed production worldwide (Fisher et al.,, 2012). Among those,
the soil-borne fungal vascular pathogen Fusarium oxysporum
(Fo) is one of the most devastating (Dean et al, 2012). Fo
encompasses more than 100 host-specific strains, so-called
formae speciales (ff.spp.) that are typically non-pathogenic to
other plant species (Gordon, 2017). Fo forma specialis (f.sp.)
lycopersici (Fol) infects tomato and represents one of the best-
studied Fo pathogens (Michielse and Rep, 2009). Fol does
not make obvious penetration structures (e.g., appressoria),
but enters the plant through natural wounds and cracks in
the roots surface (Steinkellner et al., 2005). Subsequently, the
fungus colonizes the apoplastic spaces of the root cortex after
which it enters the stele, colonizes the xylem vasculature, and
invades above-ground tissues (Olivain and Alabouvette, 1999).
During infection Fol secretes a plethora of effectors to promote
colonization (Houterman et al., 2007; Takken and Rep, 2010).
Many of these effectors have been isolated from the xylem sap
and are named Six proteins, for Secreted in xylem. One of these
Six proteins is Avr2 ( = Six3), which is internalized into plant cells
where it suppresses PAMP-triggered Immunity (PTI) (Di et al,,
2016, 2017).

Monogenic resistance to Fol has evolved several times in
tomato (Sela-Buurlage et al., 2001). A number of these Immunity,
or I genes, have been cloned (Simons et al.,, 1998; Catanzariti
et al., 2015, 2017; Gonzalez-Cendales et al., 2016) and some are
bred into cultivated tomato after which their resistances have
been overcome in the ongoing arms race between tomato and
the fungus (Takken and Rep, 2010). The best studied R gene is
I-2 (van Ooijen et al., 2007), which encodes a nucleotide-binding
and leucine-rich repeat (NB-LRR) protein (Simons et al., 1998)
that recognizes Avr2 intracellularly to trigger R-gene-Mediated
Resistance (RMR) (Houterman et al., 2009; Ma et al., 2013). RMR
confers resistance to Fol (Houterman et al., 2009), although it
permits the pathogen to colonize the vasculature to a limited
extent (Mes et al., 2000; van der Does et al., 2018).

In addition to genetic resistance, endophytic microorganisms
can confer protection to Fol (Fravel et al, 2003). Within the
Fo species complex the vast majority of strains are harmless
commensals that can colonize living plant tissues without causing
disease. Fo47 represents the best-studied endophytic Fo strain.
It colonizes tomato root surfaces and intercellular junctions of
the root epidermis (Bolwerk et al., 2005; Olivain et al., 2006),
but not the xylem vessels (Alabouvette et al., 2009). Following
colonization Fo47 reduces susceptibility of the host to vascular
pathogens such as Fol or Verticillium dahliae (Veloso and Diaz,
2012; Aime et al., 2013) thereby conferring Endophyte-Mediated
Resistance (EMR).

In a compatible interaction the main interface between
tomato and Fol is the xylem vessels. In agreement with this,
the xylem sap proteome of susceptible plants is dramatically
altered following Fol infection, and the abundance of 92% of
the proteins is affected (Gawehns et al., 2015). Specifically,
the abundance of stress response-related proteins is strongly
increased, including Pathogenesis-Related (PR) proteins such

as PR-1, PR-2 (P-glucanase), PR-3 (chitinase) and PR-5
(antimicrobial activity), and several peroxidases (Rep et al., 2002;
Houterman et al., 2007; Gawehns et al., 2015). Interestingly,
~25% of the identified xylem sap proteins does not contain
a signal peptide, suggesting the non-classical secretion of the
protein into the sap. Similar to tomato, a significant change in
the xylem sap proteome has been observed in Brassicca oleracea
inoculated with Fo f.sp. conglutinans (Foc) (Pu et al., 2016).
Together, these findings show that pathogenic Fo strains affect the
xylem sap proteome during infection, which might contribute to
their ability to colonize the host and to cause disease.

Notwithstanding that RMR and EMR are well-studied
resistance mechanisms to Fol, little is known about molecular
commonalities and differences between these phenotypically
indistinguishable mechanisms. Whereas it has been reported
that RMR permits the pathogenic fungus to colonize the
host to a limited extent (Mes et al., 2000; van der Does
et al,, 2018), it is currently unknown whether EMR similarly
constrains the pathogen. Furthermore, it is unknown whether
the composition of the xylem sap proteome is altered upon
root colonization by the endophyte and/or during RMR or
EMR. To obtain a better mechanistic insight in RMR and
EMR - and the potential difference between these at the
molecular level - the xylem sap proteomes of bi- and tri-
partite interactions were determined using label-free quantitative
nLC-MS/MS. The proteomes were subsequently compared with
each other, and with those of mock- or Fo47-inoculated plants.
In addition, the extent of host colonization by the pathogen
during EMR and RMR was determined. It was found that,
although the pathogen did colonize the xylem vessels, the
xylem sap proteome from the disease-free EMR and RMR
plants was very similar to that of non-inoculated controls.
Interestingly, specific PR-5 isoforms were found to differentially
accumulate during either endophyte or genetic resistance,
providing excellent markers to distinguish both resistance types
at the molecular level.

MATERIALS AND METHODS

Plant and Fungal Materials and

Cultivation Conditions

For fungal re-isolation assays tomato cv. KG52201 and cv. KG324
(Simons et al.,, 1998), respectively susceptible and resistant to
Fol race 2 were used (Houterman et al., 2008). KG324 is a
transgenic I-2-containing derivative of KG52201 (Simons et al.,
1998). For plant inoculation F. oxysporum Fo47 (endophyte) and
a Fol007 (pathogen, Fol race 2) strain carrying the BLE gene
conferring resistance to zeocin (InvivoGen) were used (van der
Does et al., 2008). For xylem sap collection the same Fol007-
susceptible tomato cultivar C32 was used as before (Schmidt et al.,
2013; Gawehns et al., 2015), while cv. KG324 was used as resistant
cultivar. Plant inoculations where done using Fo47 (Alabouvette
et al., 1987) and wild-type Fol007 (Mes et al., 1999). Plants were
grown in a climate-controlled greenhouse at 24.5°C, 65% relative
humidity and a 16 h photoperiod.
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Fungal Stem Reisolation Assays

Fo47 and zeocin-resistant Fol007 (FP1930) were cultured in
minimal medium (0.17% Yeast Nitrogen Base without amino
acids or ammonium sulfate, 3% sucrose and 100 mM KNO3)
at 25°C and 150 rpm during 5 days in the dark. Cultures
were filtered through Miracloth (Millipore) and diluted to
yield a microconidial inoculum of 107 spores/ml (Di et al,
2016). Co-inoculum of both strains was prepared in a 1:1 ratio
(107 spores/ml each). For the bioassays, 10-days-old tomato
seedlings were uprooted and soil was carefully removed. Roots
were trimmed, leaving approximately 1 cm of roots, to facilitate
fungal infection. Roots were placed for 5 min in an inoculum of
Fo47, Fol007, a Fo47:Fol007 mixture, or in water without spores
serving as mock control. Directly after inoculation, tomato plants
were repotted and gently watered to avoid spore washing. Three
weeks-post-inoculation (wpi) Fresh Weight (FW) and Disease
Index (DI) were scored as described before (Gawehns et al.,
2014), but adding DI = 5 when plants were dead. A statistical test
(Mann-Whitney U) was applied on the FW and DI data using
PRISM 7.0 (GraphPad). In addition, stems were harvested and
surface-sterilized (Di et al., 2016). Under sterile conditions stem
pieces were sectioned (0.5 cm thick approximately) at the crown-
and cotyledon-level and placed on Potato Dextrose Agar (PDA)
plates supplemented with 100 mg/l zeocin to specifically allow
growth of Fol007. The plates contained 200 mg/l streptomycine
and 100 mg/l penicillin to prevent bacterial growth. Plates were
incubated in the dark at 25°C for 4 days allowing the fungus to
grow out of the stem sections.

Xylem Sap Collection

Inoculum of Fo47 and wild-type Fol007 (0.5 x 107 spores/ml)
and co-inoculum of both strains (0.5 x 107 spores/ml each) was
used to inoculate 4-weeks-old plants as described before (Schmidt
et al., 2013; Gawehns et al., 2015). At two wpi, once wilt disease
symptoms appeared, FW and DI were scored and xylem sap was
collected from mock-treated, Fo47-, Fol007- and Fo47:Fol007-
inoculated C32 plants (Bioassay 1) and mock-treated and Fol007-
inoculated KG324 plants (Bioassay 2). Plants were abundantly
watered 1 day and 1 h before sap collection. Tomato stems
were cut below the second true leaf, and plants were placed
horizontally and connected to a 12 ml- polystyrene tube placed on
ice. Plants were bleeding for 6 h and the collected sap was stored
at —20°C until further use (Rep et al., 2002; Krasikov et al., 2011).
Bioassays were performed four times during four subsequent
weeks (i.e., every single repetition equals one biological replicate
per treatment). Xylem sap from 24 plants was pooled. Bioassay 1
was carried out from January to March 2017 and Bioassay 2 from
October to December 2017.

Sample Preparation for nLC-MS/MS

Potential fungal spores were removed from the sap by
centrifugation at 800 x g for 10 min. Xylem sap proteins
were concentrated by passing 12 ml of cleared sap through
Amicon Ultra-15 Filter Units (Millipore). After centrifugation at
2500 x g for 15-30 min retentates containing the proteins were
recovered. A BCA (bicinchoninic acid) assay (ThermoFischer)

was performed to determine the protein concentration. Based
on BCA quantification, a volume containing 60 g of protein
was trichloroacetic acid/aceton-precipitated and the pellet was
resuspended in SDS loading buffer (2% SDS, 10% glycerol,
60 mM TRIS-HCl pH 6.8, 5% P-mercaptoethanol, 0.01%
bromophenol blue), heated at 98°C for 5 min and loaded on a
12% SDS-polyacrylamide gel. Following a short electrophoresis,
the proteins were stained overnight at 4°C with Commassie
PageBlue (ThermoFischer). The bands containing the proteins
were excised and cysteine reduction and alkylation of the proteins
was performed by adding 10 mM DTT pH 8 (incubation at
60°C for 1 h) and 20 mM iodoacetamide pH 8 (incubation at
room temperature in the dark for 30 min). Protein-containing
gel slices were chopped into pieces of approximately 1 mm?
and transferred to 1.5 ml low-binding tubes (Protein LoBind
microcentrifuge tubes, Eppendorf). Tryptic in-gel digestion
was performed overnight by adding 50 pl of 5 ng/ul
Trypsin Sequencing Grade (Sigma-Aldrich). In-house prepared
pcolumns were set up by adding C18 Empore disk and
LichroprepCl18 column material into a 200 pl pipette tip and
the tryptic peptides were eluted from the pcolumn with 50 pl
of 50% acetonitrile. Acetonitrile content was reduced to <5% by
reducing the volume with a concentrator at 45°C during 2 h and
readjusting the volume with 1 mL/L HCOOH in water to 50 pl.

nLC-MS/MS and Label-Free

Quantification of the Proteome

Peptides were analyzed by nLC-MS/MS as previously
described (Gawehns et al., 2015). Raw data from nLC-MS/MS
measurements were analyzed using MaxQuant software (Cox
and Mann, 2008; Hubner et al., 2010) to identify and label-
free quantify the proteins. For identification of the proteins,
UniProt proteome databases of tomato (UP000004994), Fo47
(UP000030766), Fol007 (UP000009097) and an in-house made
contaminants database (Peng et al., 2012) were included in
the Andromeda search engine (Cox et al, 2014). As before
both fungal databases were improved by adding non-annotated
sequences of effector proteins and predicted putative effectors
(Schmidt et al., 2013). The mass spectrometry proteomics data
have been deposited to the ProteomeXchange Consortium via
the PRIDE (Vizcaino et al., 2016) partner repository with the
dataset identifier PXD011072.

Data filtering from the MaxQuant output was carried out
with Perseus 1.5.8.5. Proteins not detected by at least two
peptides - of which at least one was unique and at least one was
unmodified - were filtered out. Log10 transformation was applied
to LFQ (Label-Free Quantification) intensities. Subsequent
bioinformatics analysis was performed with R version 3.3.2.

Gene Ontology (GO) Analysis

To sequence-annotate the identified xylem sap proteins the
online webtool Mercator' was used. Mercator performs (i) Blast
searches against Arabidopsis TAIR 10, swiss-prot and Uniref90
databases, (ii) RPS-Blast searches against cdd and KOG and (iii)
an InterPro scan. As described (Gawehns et al., 2015), specific

'http://mapman.gabipd.org
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MapMan bin-codes were assigned to each protein by Mercator
and proteins were manually sorted into 10 ontology categories.

Secretion Analysis

To determine whether the detected xylem sap proteins were
secreted extracellularly, SecretomeP 2.0 and ApoplastP 1.0 web
tools were used. SecretomeP (Bendtsen et al., 2004) predicts both
classical protein secretion via the endoplasmic reticulum-Golgi
pathway (Kehr et al., 2005) and non-classical protein secretion.
SecretomeP was trained with mammalian sequences and its
accuracy for plant proteomes has been questioned (Lonsdale
etal,, 2016), therefore ApoplastP was used as well. ApoplastP is a
machine learning method that predicts apoplastic localization of
proteins. ApoplastP was trained with apoplastic plant and fungal
proteins (Sperschneider et al., 2018).

RESULTS

Both Endophyte- and R-Gene-Mediated
Resistance Reduce Susceptibility to Fol

in Tomato Seedlings

Both the fungal endophyte Fo47 (Fuchs et al,, 1997) and the
I-2 resistance gene (Simons et al., 1998) have been reported
to reduce susceptibility to Fusarium wilt disease in tomato.
To test whether Endophyte- or R-gene-Mediated Resistance
(EMR or RMR) also reduce susceptibility to Fol007 under our
conditions, Fol007-susceptible KG52201 tomato and I-2-carrying
resistant KG324 tomato cultivars were root dip-inoculated with
either water (mock), Fol007 or a Fo47:Fol007 spore mixture
(Figure 1A). Co-inoculation of KG52201 with Fo47 and Fol007
led to reduced susceptibility to Fusarium wilt disease, resulting in
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FIGURE 1 | EMR and RMR reduce susceptibility to Fusarium wilt (Fol007). (A) Ten-days-old seedlings of Fol007-susceptible KG52201 and Fol007-resistant KG324
were root dip-inoculated with water (mock), Fol007 or a mixture of Fo47:Fol007 (25 replicates for Fo47:Fol007 co-inoculated KG52201 and Fol007-inoculated
KG324 seedlings, 10 replicates for the control treatments). Three-weeks-post-inoculation (B) FW and (C) DI were scored (See Materials and Methods). The
experiment was repeated three times yielding similar results (Supplementary Figures S1, S2). Error bars represent mean +£SD (**P,4 < 0.01, ***P,4 < 0.001,
% Pyal < 0.0001). An unpaired comparison for FW and DI was performed using the non-parametric Mann-Whitney U test.
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a significantly higher Fresh Weight (FW) than Fol007-inoculated
KG52201 plants. In one repetition the FW was indistinguishable
to that of the mock (Supplementary Figure S1) while in two
of the three experiments, co-inoculated plants show a slightly
reduced weight as compared to the mock control (Figure 1B and
Supplementary Figure S2). The Disease Index (DI) (i.e., vessel
browning, yellowing and wilting) was significantly reduced in
co-inoculated plants as compared to Fol007-inoculated plants,
but increased when compared to the mock (Figure 1C). These
findings are in line with the previously reported biocontrol
properties of the Fo47 strain (Fuchs et al., 1997). Inoculation
of resistant I-2-containing KG324 plants with Fol007 revealed
a strong resistance, as FW was not affected when compared to
the control, and inoculated plants were disease-symptom free
(DI = 0) (Figures 1B,C). Inoculation with Fo47 alone did not
result in disease symptom development or a significant change
in the weight of the plants (data not shown). In summary, these
data show that both EMR and RMR are effective in dampening
Fol007 pathogenicity resulting in a reduction, or even absence, of
disease symptoms in Fol007-inoculated plants.

Both EMR and RMR Fail in Constraining

Fol Into the Root System

To determine to what extent Fol007 is halted by EMR or
RMR, stem sections from the above-mentioned three bioassays
(Figure 1A) were collected. After surface sterilization, stem slices
corresponding to the crown- and cotyledon-level were placed
on PDA plates supplemented with zeocin to select for Fol007

growth, and streptomycin and penicillin to prevent bacterial
growth (Figure 2A).

Stem pieces isolated from control treatments, mock-
inoculated KG52201 and KG324 plants did not show any fungal
outgrowth. However, fungal outgrowth was observed in all stem
slices of Fol007-inoculated KG52201 plants, confirming the
suitability of the technique for Fol007 re-isolation (Figure 2A).
When co-inoculating susceptible KG52201 with Fo47 and Fol007
on average 17% of the plants showed Fol007 colonization only
at the crown-level, whereas in 69% the fungus reached both the
crown- and cotyledon-level. In 13% of the co-inoculated plants
no colonization of any stem piece was observed (Figure 2B).
In contrast, in Fol007-inoculated KG324 plants the fungus was
halted at the crown-level in 53% of the replicates and only in 15%
reached also the cotyledon-level, while in 32% no colonization
was found. We conclude that RMR (i.e., genetic resistance) is
more effective than EMR in restricting fungal growth.

EMR and RMR Reduce Susceptibility to

Fol in 4-Weeks-Old Tomato Plants

Next, we tested whether EMR and RMR also reduce susceptibility
to Fol007 infection of 4-weeks-old plants that can be used
for xylem sap isolation. Four-weeks-old Fol007-susceptible C32
plants were root dip-inoculated with water (mock), Fo47, Fol007
or a mixture of Fo47:Fol007 (Figure 3A). This bioassay was
repeated four times. Two weeks-post-inoculation (wpi), FW of
Fo47:Fol007 co-inoculated C32 plants was higher than that of
Fol007-inoculated C32 plants and indistinguishable from the
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FIGURE 2 | Fol007 colonizes tomato stems despite EMR or RMR. (A) To monitor stem colonization by Fol007 3-weeks-post-inoculation, stem sections at the crown
and cotyledon-level were placed on PDA plates (25 replicates for Fo47:Fol007 co-inoculated KG52201 and Fol007-inoculated KG324 seedlings, 10 replicates for
the control treatments). Plates were scanned after 4 days of incubation. (B) Fungal outgrowth of the stem sections plotted as a percentage of infected sections. The
graph represents the combined data of three independent bioassays, error bars indicate SD.
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mock in two of the four bioassays (Figure 3B). In the other two
assays, no significant differences in FW were found. Regarding
the DI, Fo47:Fol007 co-inoculated C32 plants showed a strongly
reduced DI as compared to Fol007-inoculated plants, but an
increased DI when compared to the mock (Figure 1C). This
pattern was consistent in all four repetitions. Hence, EMR is
effective in 4-weeks-old tomato plants and results in a strong
reduction of the DI as compared to the susceptible control and
in no discernible difference in weight in two of the four assays as
compared to the mock.

Concerning resistant KG324 plants, 4-weeks-old plants were
root dip-inoculated with water (mock) or Fol007 (Figure 3D).
Scoring the plants two wpi revealed that FW and DI where not
significantly altered following Fol007-inoculation as compared
to the mock (Figures 3E,F). This pattern was consistently
observed in four repetitions showing the strong protection
conferred by RMR to Fol007. In brief, both EMR and RMR

are effective in reducing Fusarium wilt disease in 4-weeks-old
plants.

Fo47 Does Not Affect the Tomato Xylem

Sap Proteome in Bi-partite Interactions
Infection of susceptible tomato with pathogenic Fol007 strongly
affects the tomato xylem sap proteome (Gawehns et al., 2015). To
investigate whether Fo47 inoculation also affects the proteome,
and whether putative changes correlate with biocontrol abilities
of the fungus, nLC-MS/MS analysis was performed on xylem
sap collected from Fo47-inoculated tomato plants. The relative
abundance of the identified protein was then compared to that of
mock-inoculated plants.

As reported before, Fol007 infection causes a major shift
in the relative abundance of many xylem sap proteins as
compared to the mock (Gawehns et al., 2015). However, fewer
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FIGURE 3 | Disease symptoms induced by Fol007 are reduced by EMR or RMR in 4-weeks-old plants. (A) 4-weeks-old Fol007-susceptible KG52201 plants were
inoculated with water (mock), Fo47, Fol007 or a mixture of Fo47:Fol007 (24 plants/replicate). Two-week-post inoculation (B) FW and (C) DI were scored (See
Materials and Methods). In an independent experiment (D) 4-weeks-old Fol007-resistant KG324 plants were inoculated with water (mock) or Fol007. Two-week-post
inoculation (E) FW and (F) DI were scored. (A-C) Correspond to the Bioassay 1 and (D-F) to Bioassay 2. Error bars represent mean +SD (**P,4 < 0.01,
% Pyal < 0.0001). An unpaired comparison for FW and DI was performed using the non-parametric Mann-Whitney U test.
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Differentially Accumulated Proteins (DAPs) were found in the
current study due to a more stringent cutoff as a SO index
was used, which besides the P-value also takes fold-change into
account (Figure 4A). Out of the 388 proteins found in xylem
sap of mock- and Fol007-infected tomato plants, 71 were DAPs
(Supplementary Table S1). The protein with the highest fold-
change was PR-10 (K4CWC5), which accumulated 246-fold.
Six B-glucanases were identified showing distinct accumulation
patterns: B-glucanases Q01412 and K4BBH7 accumulated 161-
fold and 31-fold respectively, whereas quantities of the other
four decreased (K4BZT8 158-fold, K4B3HO 66-fold, K4CF40 24-
fold, and K4CMF9 10-fold). A similar pattern was observed
for chitinases. Two basic chitinases (K4B667 and P32045)
accumulated 131-fold and 84-fold while the quantity of an acidic
chitinase (Q05540) decreased 59-fold. Notably, in the xylem
sap of Fo47-inoculated plants no DAPs were identified among
the 388 proteins, implying that colonization by the endophyte

(Supplementary Figure S4) does not affect the xylem sap
proteome. Furthermore, no Fo47-specific proteins were detected
in the sap (Figure 4B).

EMR Significantly Affects the Abundance

of a Single Tomato Xylem Sap Protein

Fo47 does not affect the xylem sap proteome of tomato in a bi-
partite interaction (Figure 4B). However, it is not known whether
Fo47 is able to do so when EMR is triggered by co-inoculation
with Fol007 (Figure 3) and the pathogen colonizes the shoot
(Figure 2). To examine this, xylem sap protein abundance of
Fo47:Fol007-coinoculated C32 plants was compared to mock-
inoculated plants (Figure 4C) and, surprisingly, only a single
DAP was identified. This protein, a p-glucanase (K4BBH7), was
detected by 11 unique peptides and its abundance was increased
45-fold as compared to the mock. Besides this protein also
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NP24 - a PR-5 isoform - highly accumulated (33-fold), but
this protein was not identified as a DAP due to the stringent
SO settings applied. Hence, even though Fol007 dramatically
affects the tomato xylem sap proteome in bi-partite interactions,
the proteome remained almost unaltered when the pathogen is
co-inoculated with Fo47.

When Fol007 was inoculated alone, 39 fungal proteins were
found of which 36 were identified as DAPs according to their LFQ
intensity values (Supplementary Table S2). Upon co-inoculation
13 fungal proteins were identified in the xylem sap of which
three were DAPs (Figure 4C, green dots). These three proteins
were, from lowest to highest abundance, the Fol007 effector
Avr2 (AOA0C4DI32), a catalase-peroxidase (AOAOJ9WIG5) and
an oxidoreductase (AOAOC4DHXS8). The LFQ values show
a reduced accumulation of these Fol007 proteins upon co-
inoculation with Fo47.

Notably, when Fo47 was inoculated alone or co-inoculated
with Fol007 nine tomato xylem sap proteins were specifically
induced and these were not detected following mock- or
Fol007-inoculation (Supplementary Figure S3A). These proteins
were present in relatively low quantities therefore they were
not assigned as DAPs (Supplementary Table S1). These
proteins represent a p-glucosidase 08 (B5MOES5), Aspartyl
protease (K4AXP3), GDSL-like Lipase/Acylhydrolase (K4B1C4),
Cysteine proteinase (K4B7P1), Unknown protein (K4BJU1), Zn-
dependent exopeptidase (K4BJY1), Aspartyl protease (K4C3U1),
aldehyde dehydrogenase (K4C8H3) and a Glycosyltransferase
(K4D3D1).

Next, a comparison was made between the xylem sap
proteomes of Fo47:Fol007-coinoculated plants versus Fo47-
inoculated C32 to identify DAPs that are potentially linked to
reduced susceptibility to Fol007 (Supplementary Figure S3B).
Within this set of 393 proteins eight were identified as DAPs.
These are two glucanases (K4BBH7, Q01412), two peroxidases
(K4ASJ7, K4CICl), a Aconitate hydratase (K4CFD4), a
FASCICLIN-like arabinogalactan protein (K4C9N8) and a Lipid
transfer protein (K4B273). Notably also a Leucine-rich repeat
protein kinase (K4BK30) was found, which is typically a plasma
membrane localized protein (Supplementary Table S5).

Taken together, inoculation with the endophyte alone or in
combination with Fol007 pathogen, results in highly similar
proteome profiles as those of the mock. Comparison of
Fo47:Fol007 with the mock results in a single DAP while
comparison to Fo47-inoculated plants reveals eight DAPs.

RMR Significantly Affects the Abundance

of a Distinct PR-5 Isoform
To identify proteins indicative for RMR, the xylem sap proteomes
of mock- and Fol007-inoculated I-2-containing tomato plants
were compared. As observed for EMR, the proteome profiles of
mock and Fol007-inoculated are highly similar showing only a
single DAP. Accumulation of this DAP, PR-5x (Q8LPU1), was
strongly induced (158-fold) following pathogen inoculation as
compared to the mock (Figure 4D).

Identification of two PR-5 family members being strongly
induced in either RMR (PR-5x) or EMR (NP24) is intriguing, as
it implies an important role for this class of proteins in resistance

to Fusarium wilt in tomato. Within the xylem sap proteomes 12
PR-5 proteins were identified: PR-5x (Q8LPU1), NP24 (P12670),
five osmotin-like proteins (K4CP63, Q01591, K4CP65, K4CP64,
K4CP59) and five thaumatin-like proteins (K4BV68, K4BVN4,
K4BAP4, K4DFX0, K4BBQ9) (Supplementary Table S4).

In the xylem sap of a compatible interaction between
susceptible C32 tomato and Fol007, a 17-fold increase in
PR-5x accumulation was observed as compared to the mock
(Figure 4A). Notably, in these plants accumulation of NP24 is
not altered and the absolute quantity of this protein is lower
than that of PR-5x. In contrast, when tomato is inoculated with
Fo47 NP24 accumulated 22-fold as compared to the mock while
PR-5x is only induced to a limited extent (7-fold change vs.
mock) (Figure 4B). Upon co-inoculation of tomato with Fo47
and Fol007 both PR-5 isoforms are induced to a similar level: PR-
5x accumulates 28-fold and NP-24 33-fold compared to the mock
control (Figure 4C).

Altogether, these results show that PR-5x accumulation is
specifically induced upon pathogen infection in both compatible
and incompatible interactions of tomato with Fol007. But
although induced in both cases, the induction of PR-5x in RMR is
much higher than that in a diseased susceptible plant (158- vs. 17-
fold). In Fo47 inoculated plants NP24 accumulation was induced
22-fold in the absence-, and 33-fold in the presence of Fol007. The
remarkable difference between the relative accumulation between
these two PR-5 isoforms in RMR and EMR indicate that they can
be used as markers to distinguish both resistances types on the
molecular level.

Many Xylem Sap Proteins Have a

Predicted Intracellular Localization

It has been reported that ~75% of the tomato xylem sap proteins
carry a signal peptide for extracellular secretion (Gawehns et al.,
2015). Of the remaining proteins, 210% was predicted to be
non-classically secreted (Gawehns et al., 2015) whereas the other
~215% has a proposed intracellular localization. Here we set out
to investigate whether similar ratios of putative extracellular- and
cytoplasmic-localized proteins are present in our current datasets
(Supplementary Tables S1, S3). The percentage of predicted
extracellular and intracellular proteins in the xylem sap proteins
of non-inoculated and Fol007-inoculated susceptible plants was
analyzed using two different algorithms: SecretomeP (Bendtsen
et al., 2004) and ApoplastP (Sperschneider et al., 2018).

As reported SecretomeP predicted the majority of the proteins
to be secreted to extracellular spaces (Gawehns et al., 2015). For
both mock- and Fol007-inoculated plants 74% of all proteins
identified are predicted as conventionally secreted proteins, 9%
as leaderless secreted proteins and 17% as being non-secreted
(Figure 5). ApoplastP predicted respectively 44 and 46% of the
proteins from mock- and Fol007-inoculate to be secreted. Hence,
the majority of the xylem sap proteins (>54%) is not identified
by the program as a putative extracellular protein. The difference
between both programs is remarkable, but nevertheless both
predict a large subset of proteins to be localized intracellularly.
In conclusion, both SecretomeP and ApoplastP predict an
intracellular location for a large population of the xylem sap
proteins.
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FIGURE 5 | The xylem sap proteome contains predicted intracellular proteins.
Bar plots representing the percentage of intracellular or extracellular tomato
xylem sap proteins found in mock- and FolO07-inoculated plants. Prediction
was carried out by the webtools SecretomeP (left) and ApoplastP (right).

DISCUSSION

Here, we show that Endophyte-Mediated Resistance (EMR) and
R-gene-Mediated Resistance (RMR) have remarkably similar
xylem sap proteome profiles. Upon Fol007 inoculation of I-
2-containing resistant KG324 tomato plants (i.e., RMR) the
accumulation of the vast majority of xylem sap proteins was
similar to that of the mock. Strikingly, out of 303 tomato
proteins identified, PR-5x was the only DAP and its abundance
was increased by 158-fold. Contrarily, a different PR-5 isoform
(NP24) specifically accumulated upon (co)inoculation of Fo47
on susceptible C32 tomato (i.e., EMR). Upon Fo47 and Fol007
co-inoculation also a P-glucanase, forming the only DAP in
this dataset, was specifically induced. Within this tri-partite
interaction between Fol007, Fo47 and C32 tomato, several Fol007
proteins were found in the xylem sap showing that EMR does
not restrict the ability of Fol007 to colonize the xylem vessels.
Furthermore, the major changes in the proteome profile that are
observed in susceptible interactions, and are concomitant with
disease symptoms, are not observed during EMR.

In compatible interactions with susceptible tomato plants
Fol007 dramatically alters the xylem sap proteome (Figure 4A).
Contrarily, Fo47 inoculation alone did not significantly affect the
xylem sap proteome. As shown in Supplementary Figure S4
the fungus could be re-isolated from stems of Fo47-inoculated
tomato plants. However, not a single Fo47 protein was found
in the xylem sap from either Fo47-inoculated or Fo47:Fol007-
coinoculated tomato plants, which indicates that the endophyte
does not colonize the vasculature or at least not in detectable
amounts. This conclusion is in correspondence with previous
reports describing Fo47 as a colonizer of root surfaces and of
intercellular junctions of the root epidermis (Bolwerk et al., 2005;
Olivain et al., 2006) and not being able to reach the xylem vessels
(Alabouvette et al., 2009). Nine tomato proteins were exclusively
detected in low quantities upon inoculation with Fo47 regardless
of the presence of Fol007. The specific accumulation of these
proteins might be linked to the colonization and concomitant
biocontrol conferred by the endophyte (Supplementary Figure
S3A and Supplementary Table S1). The genes encoding these
proteins could be targeted in future study to assess their potential
involvement in these processes.

When Fo47 is co-inoculated with Fol007 the latter retained its
ability to colonize the xylem vessel (Figure 2 and Supplementary
Table S2). The identification of 13 Fol007 proteins in the sap
upon co-inoculation with Fo47 confirms the presence of Fol007
in the xylem. The number and abundance of identified Fol007
proteins in EMR is, however, lower than that in susceptible plants.
Together with a reduced DI, this suggests that Fol007 biomass
is reduced by EMR. Since both fungi appear not to co-exist
in the xylem vessels, this implies that EMR is mediated by the
plant. This idea is supported by the finding that Fo47 induces
resistance to Fol in a tomato split-root system (Fuchs et al,
1997). Moreover, it has been demonstrated that Fo47 can prime
defense responses and reduce susceptibility to wilt disease when
inoculated before Fol inoculation (Aime et al., 2013). Since it
takes Fol007 at least 2 days to reach the vasculature (van der
Does et al., 2018), it appears that defense priming induced by
Fo47 suffices to limit the ability of the pathogen to extensively
colonize the vessels and cause disease. The xylem sap proteins
involved in this process are unknown, but the eight DAPs
obtained in the proteome comparison between Fo47:Fol007-
co-inoculated and Fo47-inoculated susceptible plants represent
good candidates to be involved in this process (Supplementary
Table S5). In future studies, the genes for these proteins
could be targeted to assess their potential involvement in
EMR.

When resistant I-2-containing tomato plants where inoculated
with Fol007, not a single fungal protein was identified, although
the fungus could be isolated from the infected stem pieces
(Figure 2). A similar strong reduction in the ability of Fo to
colonize the vessels of a resistant host was observed in B. oleracea
cultivars challenged with Foc, and Foc fungal proteins were only
detected in xylem sap of susceptible plants (Pu et al., 2016).
These observations suggest that the amount of fungal biomass in
the vessels is strongly reduced by RMR, which is in agreement
with the complete absence of disease symptoms. The absence of
symptoms and the presence of the fungus in the vessels led to
the proposition that R genes switch the lifestyle of a pathogenic
Fusarium into that of an endophyte (van der Does et al., 2018).
Our data support this hypothesis, by showing that not only
disease symptoms are absent, but also the proteome is essentially
identical to that of non-inoculated- or endophyte-inoculated
plants.

B-glucanases are among the most commonly detected proteins
within the tomato xylem sap. In fact, 17 B-glucanases were
detected in Bioassay 1 and 2, but only a single p-glucanase
(K4BBH?7) was identified as a DAP upon co-inoculation of Fo47
and Fol007 (Supplementary Tables S1, S3). These enzymes target
B-glucans, which present the most abundant fungal cell wall
polysaccharides. Together with chitin glucans form the main
structural component of the cell walls. Enzymatic attack of this
network by B-glucanases has a direct antimicrobial effect by
perturbation of the fungal cell wall integrity (Stintzi et al., 1993).
In addition, the subsequent release of B-1,6-glucans, which are
specific to fungi and members of the Stramenopiles, can elicit
PTI in many plant species (Fesel and Zuccaro, 2016). To avoid
glucan degradation and subsequent PTI activation the fungal
endophyte Serendipita indica (formerly Piriformospora indica)
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secretes a fungal-specific lectin (FGB1). FGB1 binds f-glucan-
and suppresses glucan triggered immunity, thereby facilitating
fungal host colonization (Wawra et al., 2016). Whether Fo47 or
Fol007 produce secreted lectins is currently unknown. Fungal
lectins have not been identified in the xylem sap of infected plants
in the current study nor in a former analysis, although LysM-
containing proteins have been identified in this former study
and these are proposed to sequester released chitin (Gawehns
et al., 2015). Whether the identified p-glucanases play a role in
biocontrol and/or restriction of disease symptom development
during EMR remains to be tested.

Endophytic interactions of Fo47 with tomato resulted in a
22-fold induction of the PR-5 isoform NP24 (Figure 4B). This
protein accumulated 33-fold higher in a tri-partite interaction
with Fol007 (Figure 4C), but was not identified as a DAP
due to stringent setting of the SO index. However, when the
same settings are applied as used previously (Gawehns et al.,
2015) NP24 is identified as a significant DAP and the protein
is no longer identified in the mock. In addition, the amount
of NP24 might be underestimated in our setup. A limitation
of using LFQ values is that identification of a protein relies on
the presence of at least two tryptic peptides, of which at least
one is unique. When proteins belong to a family sharing high
sequence similarity, a non-unique peptide is assigned only to a
single member of the family, resulting in the underestimation
of the amounts of the other members. For instance, NP24 is
detected by five peptides of which three are unique but two
are non-unique and are assigned to PR-5x (Supplementary
Table S6). When only the unique peptides are used for protein
quantification, then its absolute amount is underestimated (i.e.,
LFQ values will be reduced) but the calculated fold change is more
precise. When quantification of NP24 is done based on unique
peptides only, then the accumulation in the Fo47-inoculated
plants differs significantly from the mock as the protein is
absent in the latter (Supplementary Table S7). NP24 has in vitro
antimicrobial activity against Phytophthora infestans (Woloshuk
et al, 1991) and is involved in resistance of ripe pepper fruits to
Colletotrichum gloeosporioides (King et al., 1988; Oh et al., 2003).
The correlation between NP24 protein abundance and reduced
disease symptoms during EMR could indicate that the protein
might also have antifungal activity in planta, thereby reducing the
extent of Fol007 colonization of the vasculature.

PR-5x accumulation was specifically induced in the xylem
sap of resistant (158-fold) and susceptible (17-fold) tomato
plants upon Fol007 infection (Figure 4A). PR-5x was identified
previously in tomato xylem sap following Fol infection of
susceptible and resistant plants, hence its name PR-5xylem
(Rep et al, 2002). The protein is distinct from the PR-5
isoforms present in apoplastic fluid of tomato leafs infected
by Cladosporium fulvum and it is not present in the latter
(Joosten and De Wit, 1989; Rep et al., 2002). Compared to other
PR-5 isoforms, the gene encoding PR-5x shows a root-specific
expression (Rep et al, 2002). A similar xylem sap-specific
accumulation of PR-5 isoforms has been observed upon Foc
infection of Foc-resistant and -susceptible cultivars of B. oleracea
(Pu et al,, 2016). Colonization of Arabidopsis thaliana roots by
non-pathogenic fluorescent Pseudomonas spp. triggers induction

of AtTLPI, a PR-5 family member, in the vascular bundle,
which is related to a local response to colonization of this
non-pathogenic bacterium (Leon-Kloosterziel et al., 2005). It
has also been reported that accumulation of PR-5 isoforms in
the xylem sap of tomato is strongly induced in plants inoculated
with Fol strains in which key effectors, such as Avr2, Six1 and
Six6 have been knocked out. These Fol mutants were still capable
of causing disease, yet the amount of fungal biomass in the
plant was strongly reduced concomitant with a reduction in
disease symptoms. Specifically, NP24 accumulated > 200-fold
in plants inoculated with a SIXI or SIX6 knockout Fol strain
in comparison to inoculation with wild type Fol. Similarly, a
Thaumatin (K4DFX0) accumulated strongly when Avr2 was
knocked out (Gawehns et al., 2015). Based on these observations
it is tempting to speculate that antimicrobial activity of PR-5
isoforms might be the main determinant controlling the amount
of Fusarium biomass in the xylem vessels. Antimicrobial
activity of these small £ 24 kDa cysteine-rich proteins has
been described before (Hoffmann-Sommergruber, 2000;
Chowdhury et al., 2015). PR-5 proteins disrupt the lipid bi-layer
of fungi, resulting in the formation of transmembrane pores
that cause a strong permeability of the plasma membrane
(Vigers et al,, 1992). In addition to its antimicrobial activity,
PR-5 proteins may themselves trigger plant defense responses.
Transgenic Arabidopsis plants over-expressing Prunus domestica
PR5-1 show induction of the phenylalanine ammonia-lyase
(PAL) gene and a concomitant increased flux through the
phenylpropanoid biosynthesis pathway. Moreover, genes
involved in the biosynthesis of camalexin (a phytoalexin), which
is an endproduct of the phenylpropanoid pathway, are up-
regulated in these transgenic plants. PAPR5-1 Arabidopsis plants
also showed an increased resistance to Alternaria brassicicola (El-
Kereamy et al,, 2011). It is imaginable that that PR-5x and NP24
have a function similar as PdPR5-1 and confer both direct and
indirect resistance to F. oxysporum in tomato. The identification
of two distinct PR-5 family members, whose induced expression
correlates with either RMR and EMR, shows that both resistance
mechanisms independently induce the expression of a specific
PR-5 isoform to control pathogen proliferation in the plant. The
underlying mechanism remains to be elucidated, but the PR-5
isoforms identified provide excellent markers to distinguish both
immune responses.

ApoplastP and SecretomeP predicted many of the proteins
detected in the xylem sap to be localized intracellularly
(Figure 5 and Supplementary Tables S1, S3). It is intriguing
that predicted cytosolic proteins appear in the xylem sap,
which is an extracellular space. A possible explanation is that
cellular damage caused by Fol007 releases proteins from xylem
adjacent cells. However, these proteins were also present in the
mock treatments making this explanation unlikely. In addition,
only a relatively small number of intracellular proteins in
processes like photosynthesis (2% of all identified proteins)
or primary metabolism (2%), or TCA cycle (1%) were found,
which is suggestive for a specific secretion mechanism rather
than generic loss of cellular integrity. A recently proposed
mechanism for this is that these putative ‘intracellular’ proteins
are contained in exosomes. Since long it is known that plant
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cells can secrete exosomes into extracellular spaces (Halperin and
Jensen, 1967), but little was known about their role in plant-
microbe interactions. Recently, exosomes were isolated from
the apoplastic fluid of A. thaliana and these were found to be
enriched in proteins related to stress and plant defense (Rutter
and Innes, 2017). In fact, homologues proteins identified in that
study were also present in our datasets. Among these are Leucine-
rich repeat receptor-like protein kinase (K4D401), Early nodulin-
like protein (K4CXN?7), Lipase/Lipooxygenase and PLAT/LH2
family protein (K4BIL3). Together with our observation that
three proteins involved in vesicle-mediated trafficking (K4B154,
K4CPC9 and K4D8S6) were identified in the tomato xylem sap,
this could imply that exosomes may play a role in the interaction
between Fo and tomato.

In this study two different PR-5 isoforms were identified
whose abundance correlate with a reduction in pathogen
biomass. Furthermore, these PR-5 proteins serve as specific
markers for either RMR (PR-5x) or EMR (NP24). Current
studies, in which these genes are knocked out or overexpressed in
tomato, could address the question whether their specific increase
in abundance is causal to Fol007 resistance. It will be interesting
to investigate accumulation of extracellular PR-5 members in
other Fo-plant pathosystems, such as melon containing the Forn2
resistance gene and F. oxysporum f. sp. melonis, to elucidate
whether increased accumulation of PR-5 members is a conserved
feature of resistance to Fusarium wilt disease. If so, this finding
will yield exciting possibilities for novel strategies for resistance
breeding in crop species where dominant resistance genes are
unavailable, such as banana, or when use of endophytes is not
applicable or feasible.
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FIGURE S1 | EMR and RMR reduce susceptibility to Fusarium wilt (Fol007). (A)
Ten-days-old seedlings of Fol007-susceptible KG52201 and FolO07-resistant
KG324 were root dip-inoculated with water (mock), Fol007 or a mixture of
Fo47:Fol007 (25 replicates for Fo47:Fol007 co-inoculated KG52201 and
Folo07-inoculated KG324 seedlings, 10 replicates for the control treatments).
Three-weeks-post-inoculation (B) FW and (C) DI were scored (See Materials and
Methods). The experiment was repeated three times yielding similar results
(Figure 1 and Supplementary Figure S2). Error bars represent mean +SD
(*Pyal < 0.01, **P4 < 0.001, ***P 4 < 0.0001). An unpaired comparison for
FW and DI was performed using the non-parametric Mann-Whitney U test.

FIGURE S2 | EMR and RMR reduce susceptibility to Fusarium wilt (Fol007). (A)
Ten-days-old seedlings of Fol007-susceptible KG52201 and FolO07-resistant
KG324 were root dip-inoculated with water (mock), Fol007 or a mixture of
Fo47:Fol007 (25 replicates for Fo47:Fol007 co-inoculated KG52201 and
Fol007-inoculated KG324 seedlings, 10 replicates for the control treatments).
Three-weeks-post-inoculation (B) FW and (C) DI were scored (See Materials and
Methods). The experiment was repeated three times yielding similar results
(Figure 1 and Supplementary Figure S1). Error bars represent mean £SD
(*Pyal < 0.01, **P,4 < 0.001, ***P 4 < 0.0001). An unpaired comparison for
FW and DI was performed using the non-parametric Mann-Whitney U test.

FIGURE S3 | Fo47 inoculation affects accumulation of specific proteins. (A)
Proteins that were detected in at least three out of four replicates where labeled as
present. Treatments embraced mock-inoculated, Fo47-inoculated,
Fo47:Fol007-coinoculated and Fol007-inoculated C32 susceptible tomato plants.
The black circle marks proteins that were specifically present in Fo47 inoculated
plants. (B) Volcano plot showing xylem sap protein abundance difference between
Fo47:Fol007-coinoculated compared to Fo47-inoculated on susceptible C32
plants. Names of the DAPs are depicted in Supplementary Table S5.

FIGURE S4 | Fo47 colonizes tomato stems (A) To monitor stem colonization by
Fo47 3-weeks-post-inoculation, stem sections at the crown and cotyledon-level
were placed on PDA plates (10 replicates). Plates were scanned after 4 days of
incubation. (B) Fungal outgrowth of the stem sections plotted as a percentage of
infected sections. The experiment was repeated three times showing the same
pattern.

TABLE S1 | Tomato proteins identified and label-free quantified in Bioassay 1.
Samples labeled as ‘Mock’ for the water control, and ‘Endo,” ‘Coinoc’ and ‘Patho’
for Fo47-inoculated, Fo47:Fol007-coinoculated and FolOO7-inoculated C32
susceptible tomato plants. DAPs are marked with +. LFQ values are represented
in Log10 scale. Sequence coverage (%), molecular weight (KDa), GO description
and SecretomeP and ApoplastP outputs are provided for all proteins.

TABLE S2 | Fol007 proteins identified and label-free quantified in Bioassay 1. LFQ
values are in Log10 scale and 3,9 represent the LFQ cutoff.

TABLE S3 | Tomato proteins identified and label-free quantified in Bioassay 2.
Samples labeled as ‘Mock’ for the water control, and ‘Patho’ for
Folo07-inoculated KG324 resistant tomato plants. DAPs are marked with +. LFQ
values are represented in Log10 scale. Sequence coverage (%), molecular weight
(KDa), GO description and SecretomeP and ApoplastP outputs are provided for all
the proteins.

TABLE S4 | List of PR-5 proteins found in xylem sap of both bioassays. Uniprot
IDs, names of the proteins, average of LFQ intensities for every treatment of the
two bioassays, predicted location, GO category, disulphide bonds and length of
the proteins are depicted in the table. LFQ values are represented in Log10 scale.
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TABLE S5 | List of xylem sap proteins whose relative abundance changes upon
co-inoculation of tomato with Fo47:Fol007 comparing to Fo47-inoculated.

TABLE S6 | Overview of the peptides matching NP24 and PR-5x proteins.
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A Corrigendum on

Xylem Sap Proteomics Reveals Distinct Differences Between R Gene- and Endophyte-Mediated
Resistance Against Fusarium Wilt Disease in Tomato
by de Lamo, F. ]., Constantin, M. E., Fresno, D. H., Boeren, S., Rep, M., and Takken, F. L. W. (2018).
Front. Microbiol. 9:2977. doi: 10.3389/fmicb.2018.02977

In the original article, there was an error. The amount of xylem sap protein used for nLC-
MS/MS analysis was incorrectly depicted; instead of 540 g of protein 60 pg of protein was TCA
precipitated and used for SDS-polyacrylamide gel electrophoresis.

A correction has been made to the MATERIALS AND METHODS section, in the sub-section
Sample Preparation for nLC-MS/MS:

Potential fungal spores were removed from the sap by centrifugation at 800 xg for 10 min.
Xylem sap proteins were concentrated by passing 12 ml of cleared sap through Amicon Ultra-15
Filter Units (Millipore). After centrifugation at 2500 xg for 15-30 min retentates containing the
proteins were recovered. A BCA (bicinchoninic acid) assay (ThermoFischer) was performed to
determine the protein concentration. Based on BCA quantification, a volume containing 60 jLg
of protein was trichloroacetic acid/aceton-precipitated and the pellet was resuspended in SDS
loading buffer (2% SDS, 10% glycerol, 60 mM TRIS-HCI pH 6.8, 5% B-mercaptoethanol, 0.01%
bromophenol blue), heated at 98°C for 5min and loaded on a 12% SDS-polyacrylamide gel.
Following a short electrophoresis, the proteins were stained overnight at 4°C with Commassie
PageBlue (ThermoFischer). The bands containing the proteins were excised and cysteine reduction
and alkylation of the proteins was performed by adding 10 mM DTT pH 8 (incubation at 60°C
for 1 h) and 20 mM iodoacetamide pH 8 (incubation at room temperature in the dark for 30 min).
Protein-containing gel slices were chopped into pieces of approximately 1 mm? and transferred
to 1.5ml low-binding tubes (Protein LoBind microcentrifuge tubes, Eppendorf). Tryptic in-gel
digestion was performed overnight by adding 50 w1 of 5 ng/ul Trypsin Sequencing Grade (Sigma-
Aldrich). In-house prepared p.columns were set up by adding C18 Empore disk and LichroprepC18
column material into a 200 pl pipette tip and the tryptic peptides were eluted from the pcolumn
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with 50 pl of 50% acetonitrile. Acetonitrile content was reduced
to <5% by reducing the volume with a concentrator at 45°C
during 2 h and readjusting the volume with 1 mL/L HCOOH in
water to 50 pl.

The authors apologize for this error and state that this does
not change the scientific conclusions of the article in any way.
The original article has been updated.

Copyright © 2019 de Lamo, Constantin, Fresno, Boeren, Rep and Takken.
This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction
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Festuca rubra subsp. pruinosa is a perennial grass that inhabits sea cliffs of the Atlantic
coasts of Europe. In this unhospitable environment plants grow in rock crevices and
are exposed to abiotic stress factors such as low nutrient availability, wind, and salinity.
Festuca rubra subsp. pruinosa is a host of the fungal endophyte Epichloé festucae,
which colonizes aerial organs, but its root mycobiota is unknown. The culturable
endophytic mycobiota of FRP roots was surveyed in a set of 105 plants sampled at
five populations in marine cliffs from the northern coast of Spain. In total, 135 different
fungal taxa were identified, 17 of them occurred in more than 10% of plants and in two or
more populations. Seven taxa belonging to Fusarium, Diaporthe, Helotiales, Drechslera,
Slopeiomyces, and Penicillium appeared to be constituents of the core microbiome
of Festuca rubra subsp. pruinosa roots because they occurred in more than 20% of
the plants analyzed, and at three or more populations. Most fungal strains analyzed
(71.8%) were halotolerant. The presence of Epichloé festucae in aboveground tissue
was detected in 65.7% of the plants, but its presence did not seem to significantly
affect the structure of the core or other root microbiota, when compared to that of plants
free of this endophyte. When plants of the grass Lolium perenne were inoculated with
fungal strains obtained from Festuca rubra subsp. pruinosa roots, a Diaporthe strain
significantly promoted leaf biomass production under normal and saline (200 mM NaCl)
watering regimes. These results suggest that the core mycobiome of Festuca rubra
subsp. pruinosa could have a role in host plant adaptation, and might be useful for the
improvement of agricultural grasses.
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INTRODUCTION

The vegetation that inhabits coastal marine cliffs is adapted to environmental conditions that are
far from optimal for plant growth and survival. The rock substrate and vertical cliffs makes soil
scarce or non-existent. Sea water spray adds salinity to the scenario, and exposure to sea winds
favor plant dehydration. Those conditions of low nutrient availability, salinity, and wind exposure
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can be persistent in sea cliffs, and as a result, sea cliff vegetation
is often endemic, reflecting habitat specialization in order to
survive under these unhospitable conditions (Doody, 2001;
Lopez-Bedoya and Pérez-Alberti, 2009).

Festuca rubra subsp. pruinosa (FRP) is a plant species common
in cliffs of the Atlantic coasts of Europe (Markgraf-Dannenberg,
1980; Lopez-Bedoya and Pérez-Alberti, 2009). This perennial
grass grows as a chasmophyte in rock fissures, or in very
shallow soils formed on cliff cavities and slopes. In nature this
species rarely occurs away from sea cliffs, where other vegetation
predominates, and its salt tolerance is greater than that of
other F. rubra subspecies adapted to inland habitats (Humpreys,
1982). Some anatomical characteristics might contribute to
the adaptation to cliffs of this plant, for instance, the epithet
pruinosa refers to the apparent epicuticular wax coat that
covers its leaves, possibly having a role in preventing water
loss (Ortufiez and de la Fuente, 2010; Martinez Sagarra et al.,
2017).

In addition to traits inherent to the plant genome, the
plant microbiome can also contribute to adaptation. Studies
of some plants adapted to high stress habitats revealed that
fungal endophytes confer habitat-specific stress tolerance to their
hosts, and without these fungal endophytes plant adaptation
is reduced in their native habitats (Rodriguez and Redman,
2008). Examples include improved tolerance to biotic and
abiotic stress factors such as disease, herbivory, heat, or
salinity mediated by endophytic fungi (Clay and Schardl, 2002;
Waller et al., 2005; Rodriguez et al, 2008). Some of the
endophytes reported in these studies conferred improved stress
tolerance to new host species, highlighting the importance that
endophytic fungi could have for the improvement of agricultural
crops.

Like other subspecies of Festuca rubra, FRP plants maintain
associations with the fungal endophyte Epichloé festucae. This
fungus systemically colonizes the stems and leaves of host
plants, but not the roots, and it is transmitted vertically
to seeds (Leuchtmann et al, 1994; Zabalgogeazcoa et al,
2006). Endophytic Epichloé species can have a mutualistic
relationship with their hosts, and increased tolerance of
symbiotic plants to biotic and abiotic stress factors have been
reported to occur in some situations. For example, Epichloé
festucae can produce several types of alkaloids that might
protect host plants against herbivores (Clay and Schardl,
2002).

In marine cliffs the roots of FRP plants grow in rock
fissures or minimal soil, forming a compact fibrous system
which holds the plant and captures nutrients. The root
mycobiota of FRP is unknown, and some of its components
could be useful for the improvement of other plant species
of agronomic interest, as it has been demonstrated in other
plant-endophyte associations (Rodriguez et al., 2008). Thus,
the objectives of this work were: (1) to identify the culturable
endophytic mycobiota of FRP roots, (2) to determine if the
presence of Epichloé affects the structure of the root mycobiota,
and (3) to test if some FRP root endophytes affect the
performance of another grass, Lolium perenne, when exposed to
salinity.

MATERIALS AND METHODS
Study Sites and Plant Sampling

Plants of Festuca rubra subsp. pruinosa (FRP) were collected
at five locations in sea cliffs in the North Atlantic coast of
Spain. Three locations were in Galicia: Torre de Hércules
(TDH), 43°23/09'N 8°24/23”"W, Cedeira (CED), 43°40'46''N
8°01'15”"W, and Estaca de Bares (EDB), 43°47'25"N 7°41'16"'W,
and two in Asturias: San Pedro de la Rivera (SPR), 43°34'43"N
6°13/17""W, and Cabo de Pefias (CDP), 43°39'02"'N 5°51’00""W.
The shortest distance in straight line among these locations is
30 km. The predominant flora in the walls of these sea cliffs
mainly consisted of Festuca rubra subsp. pruinosa, Armeria spp.
and Crithmum maritimum. The climate in the coast of Galicia
and Asturias is mild with oceanic influence and abundant rainfall
spread over the year; during the 1981-2010 period the mean
annual precipitation was 1106 and 1062 mm, and the average
annual temperature 13.5 and 13.8°C in Galicia and Asturias,
respectively (AEMET, 2012). In the spring of 2016, a total of 105
FRP plants, about 20 plants per location, were collected. Most
plants grew in fissures in the rock, where soil was very scarce or
absent. The plants were transported in a refrigerated cooler to the
laboratory in Salamanca, and processed for the isolation of fungi
from roots the day after they were sampled. Afterward the plants
were transplanted to pots with a 1:1 (v:v) mixture of peat and
perlite and maintained in a wirehouse outdoors.

Isolation of Fungi

To isolate fungi from roots, a sample of about 20 root fragments
of 4-5 cm was collected from each plant. Each root sample was
surface-disinfected with a solution of 20% commercial bleach
(1% active chlorine) containing 0.02% Tween 80 (v:v) for 6 min,
followed by treatment with an aqueous solution of 70% ethanol
for 30 s. Finally, the roots were rinsed with sterile water and cut
into pieces about 5 mm long. Thirty root pieces of each sample
were plated in two Petri plates (15 pieces/plate) with potato
dextrose agar (PDA) containing 200 mg/L of chloramphenicol.
This antibiotic was used to exclude the isolation of endophytic
bacteria. A root sample of each of the 105 plants was prepared
as outlined above, and kept in the dark at room temperature.
As mycelium emerged from a root fragment into the agar, a
small piece of the mycelium from the leading edge of the colony
was transferred to a new PDA plate and maintained at room
temperature. The root fragment and remaining mycelium were
taken out of the original plate to avoid overgrowth. The plates
with root samples were checked daily for the presence of fungi
for about 4 weeks.

The presence of Epichloé festucae on each plant was diagnosed
by isolation. Several leaf sheaths were collected from each plant,
cut into fragments about 5 mm long, and surface disinfected by
immersion in a solution of 20% commercial bleach for 10 min.
The fragments were then rinsed with sterile water, and about 15
fragments from each plant were placed in a PDA plate containing
200 mg/L of chloramphenicol. The plates were kept at room
temperature, and fungi emerging from leaf fragments during
the first 2-5 days were discarded together with its leaf sheath
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fragment. White Epichloé mycelium emerging from the extremes
of the leaf fragments about 1 week after plating was transferred to
new PDA plates for further identification.

Identification of Fungi

The fungal isolates obtained from roots were first grouped
into different morphotypes according to morphological
characteristics such as colony color, exudate production,
mycelium appearance, and growth rate. One or a few isolates
of each morphotype were used for further classification based
on rDNA nucleotide sequences. Fungal DNA was extracted
from a small amount of mycelium scraped from a PDA culture
using the Phire Plant Direct PCR Kit (Thermo Fisher Scientific).
A ribosomal DNA region including the internal transcribed
spacer 1 (ITS1), 5.8 rDNA, and ITS2 was amplified by PCR
using primers ITS1 and ITS4 (White et al., 1990). Amplification
conditions were: 98°C for 5 min, followed by 35 cycles of 98°C
for 5 s, 54°C for 5 s, and 72°C for 20 s; after that the reaction
was kept at 72°C for 1 min. PCR amplicons were cleaned (MSB
Spin PCRapace, Stratec biomedical, Germany) and sequenced
at the DNA sequencing service of the University of Salamanca
(Spain).

All the sequences obtained were grouped into operational
taxonomic units (OTU), considering that groups of sequences
with a similarity greater than 97% belonged to the same OTU.
This clustering operation was done using BlastClust software
(NCBI, 2004). Afterward, a sequence representative of each OTU
was used to search for similar curated sequences at the UNITE
fungal database. A taxonomic identity was assigned to each
OTU considering that the species rank of a UNITE database
match was accepted when the identity between the OTU and
database sequences was greater than 97%, and most UNITE
matches corresponded to the same taxon. When the similarity
was 97% - 95%, or UNITE matches corresponded to several
species of the same genus, only the genus rank was accepted.
In other cases the sequences were assigned to orders or families
whenever it was reasonable.

Analysis of Root Fungal Diversity

For each location (referred to as population from here on),
species accumulation curves showing the relationship between
the number of plants sampled and the number of fungal species
obtained, were estimated using the ‘specaccum’ function and the
exact method with the Vegan Package in R (Oksanen et al., 2017).
Estimations of the maximum number of fungal species at each
population were obtained with the Bootstrap and Chao indexes
using EstimateS 9.0 software (Colwell, 2005). Shannon’s index of
diversity (H’) was estimated from the relative abundance of each
taxon identified. The distribution of the relative abundance of
the fungal species was observed with a rank-abundance curve.
The similarity of fungal communities between each pair of
populations was estimated using Jaccard’s index of similarity (J).
It is calculated from the equation J = c¢/(a + b + ¢), where € is
the number of fungal taxa shared between two populations, @’ the
number of fungal taxa unique to the first population and ‘b’ the
number of fungal taxa unique to the second population (Jaccard,
1912).

Effect of Epichloé on Root Mycobiota

Species richness (number of different root endophyte species
per plant) was analyzed with a two-way ANOVA with Epichloé
presence (E+4) or absence (E—) and plant population (CED,
CDP, EDB, SPR, and TDH) as factors. A type III sum of
squares was used because the number of E+ and E— plants was
unbalanced.

Species accumulation curves and beta diversity index
estimations, plus a Canonical Correspondence Analysis (CCA)
were made using the Vegan Package in R (Oksanen et al,
2017). Species accumulation curves for E+ and E— plants
were estimated using the ‘specaccum’ function and the exact
method. Beta-diversity indexes were estimated using the
‘betadiver’ function and the z index based on the Arrhenius
species-area model (Koleff et al., 2003). Differences in beta
diversity among groups were determined by Tukey multiple
comparisons. A CCA was made because the gradient length
of the detrended correspondence analysis (DCA) was greater
than four, which indicated an unimodal response (Lep$ and
Smilauer, 2003). Taxa appearing in less than three plants
were omitted for this analysis; as a result, 61 taxa remained.
A forward selection procedure (ordistep function) was used
to determine the subset of explanatory variables (Epichloé
incidence, population, Epichloé: population) explaining most
variation in root mycobiome. The statistical power of the
analysis was assessed by Monte Carlo permutation tests
(n=999).

Salt Tolerance of Fungal Isolates

A set of 46 fungal strains belonging to 20 of the most
abundant genera isolated from FRP roots plus nine Epichloé
festucae strains were analyzed to determine their salt tolerance
in vitro. For each fungal strain a 6 mm diameter mycelial
disk was placed in the center of 9 cm Petri plates with PDA
containing three different concentrations of sodium chloride:
600 mM (equivalent to sea water concentration), 300 mM,
and a control without NaCl. For each fungal strain and salt
treatment three replicate plates were prepared. All plates were
incubated at room temperature in the dark. The colony diameter
was measured at two perpendicular axes when colonies in the
fastest growing medium reached a diameter of 4-6 cm. The
effect of salinity treatments on the radial growth of fungal
colonies was assessed by means of a one-way ANOVA, and
statistical significance of differences among means using Tukey’s
test (p < 0.05).

Extracellular Enzyme Activity

In vitro cellulase and amylase activity was analyzed for 43 strains
belonging to some of the most abundant taxa. The production
of cellulase was assayed using the method described by Sunitha
et al. (2013) adapted to PDA plates. For each fungal strain a
6 mm diameter mycelial disk was placed in the center of a
9 cm. Petri plate and incubated for 5 days at 25°+ 1°C in
the dark. After incubation the plates were flooded with 0.2%
(w/v) aqueous Congo Red, and distained with 1 M NaCl for
15 min. The presence of a clear zone surrounding the colony
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indicated cellulase activity. Amylase activity was assessed on PDA
containing 2% (w/v) soluble starch. After incubation the plates
were flooded for 15 min with a solution of 1% (w/v) iodine
in 2% (w/v) potassium iodide. A clear zone surrounding the
colony indicated amylase activity (Hankin and Anagnostakis,
1975).

Inoculation of Lolium perenne Plants

With Root Endophytes From FRP

To test whether FRP endophytes affect the growth of the grass
Lolium perenne under salinity, plants were inoculated with three
fungal strains belonging to some of the core taxa from FRP
roots. A greenhouse experiment was conducted with a completely
randomized design with 14 plant replicates for each fungal strain
(Periconia S6, Penicillium E7, and Diaporthe S69) and salinity
treatment (0 and 200 mM NaCl). Seeds of Lolium perenne
cv. Tivoli (DLE Denmark) were sown in 200 mL plastic pots
filled with a substrate composed of seven parts of peat and
perlite (1:1) previously sterilized at 80°C for 24 h, mixed with
one part (v:v) of fungal inoculum. The fungal inoculum was a
4 week old culture of each fungus grown in autoclaved sugar
beet pulp. Several seeds were sown in each pot, and thinned to
four seedlings after emergence. Three weeks after germination,
plants were watered with 0 or 200 mM NaCl during 3 weeks.
Plants subject to the salinity treatment were watered with 50 and
100 mM NacCl on the first and third day respectively to avoid
salt shock, and the 200 mM concentration was applied from
day 5 onward. After 3 weeks of salt treatment the plants were
harvested.

Five replicates of each treatment (salt and fungal strain) were
analyzed for K and Na concentration by inductively coupled
plasma atomic emission spectroscopy (ICP-OES, Varian 720-ES).
Previously, dried plant samples were calcined at 450°C for 8 h,
and ashes dissolved in HCl:HNO3:H,O (1:1:8).

A two-way ANOVA was made to determine the effects of
salt treatment and fungal strain on shoot biomass, K and Na
concentrations, and differences between means were assessed
using Tukey’s test (p < 0.05). The success of the inoculation
was determined after harvest by the reisolation of the inoculated
fungi from surface disinfected roots, using the method above
explained.

RESULTS
Endophyte Isolation

After plating 3150 root fragments on culture media, a total of
2324 fungal isolates were obtained, ranging from 355 to 578
among populations (Table 1). Most isolates emerged in the first
5 days after the placement of the roots on plates. Isolates were
obtained from 73.8% of the root fragments plated. All sampled
plants harbored fungi in their roots, and on average, 21 isolates
were obtained from the roots of each plant.

Epichloé festucae was isolated from leaves of 65.7% of the
plants. Its incidence among populations ranged from 20.0 to
100.0% (Table 1).

Identification of Fungal Isolates and

Taxonomic Structure

When the isolates of each population were grouped according
to morphotypes, the TDH isolates were classified into 177
morphotypes, CED in 142, EDB in 125, SPR in 137, and those
from CDP in 107.

Nucleotide sequences were obtained from one or more isolates
of each morphotype. As a result, 502 I'TS1-5.8S-ITS2 nucleotide
sequences were obtained, and those differing in homology by
less than 3% were considered to belong to the same taxon.
After this clustering process, 138 different sequences remained.
These sequences were used to interrogate the UNITE sequence
database, and as a result 135 fungal taxa were identified
(Supplementary Table S1). Twenty-three taxa were identified
to a species rank, 69 to genus rank and the remaining 43 were
assigned to an order, class, family or division (Table 2). All
the taxa could be assigned to 64 different fungal genera, 96%
of them within the Ascomycota. Pleosporales, Hypocreales, and
Eurotiales were the most representative orders, in terms of the
number of taxa (23, 18, and 10%, respectively). The remaining
orders were marginally represented (Figure 1). Among plant
populations the number of fungal taxa ranged from 34 to 59
(Table 1).

The distribution of the taxa according to their incidence can
be visualized in the rank-abundance curve shown in Figure 2.
Seven species occurred in more than 20% of the plants at three

TABLE 1 | Incidence of Epichloé and fungal species richness in roots of Festuca rubra subsp. pruinosa at five populations from marine cliffs in Northern Spain.

Population Number of Incidence of Root mycobiota
plants Epichloé
analyzed festucae (%) Number of Colonization? Number of Fungal

isolates fungal species per
obtained species plant

TDH 21 571 471 74.8 34 1.62

CED 19 68.4 355 62.3 46 2.42

EDB 22 77.3 473 7.7 47 2.47

CDP 20 20.0 447 74.5 59 2.57

SPR 23 100.0 578 83.8 46 2.19

Total/mean 105 65.7 2324 73.8 135 1.29

! Percentage of root pieces from which fungi emerged into growth medium.
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TABLE 2 | Core and abundant fungal species isolated from surface sterilized roots of Festuca rubra subsp. pruinosa at five populations from marine cliffs in northern

Spain.
Strain Taxon Identity to ITS sequence Order Incidence in Number of
closest match accession plants (%) populations
(%) number
T150 Fusarium oxysporum 100 MH578626 Hypocreales 57.1 5
EB4 Diaporthe sp. A 100 MH578627 Diaporthales 54.3 5
C29 Fusarium sp. A 100 MH626490 Helotiales 41.0 4
S75 Helotiales sp. A 100 MH626491 Helotiales 37.1 5
T105 Drechslera sp. 100 MH626492 Pleosporales 27.6 4
S132 Slopeiomyces cylindrosporus 100 MH626493 Magnaporthales 27.6 3
T120 Penicillium sp. F 100 MHB626494 Eurotiales 20.0 5
S7 Darksidea sp. 99 MH628220 Pleosporales 171 3
T131 Periconia macrospinosa 100 MH628221 Pleosporales 16.2 3
T122 Penicillium sp. A 100 MHB628222 Eurotiales 14.3 4
T16 Alternaria sp. A 99 MH628223 Pleosporales 13.3 3
S38 Fusarium sp. B 99 MH628224 Hypocreales 13.3 4
C2 Dactylonectria alcacerensis 100 MH628225 Hypocreales 13.3 4
E79 Helotiales sp. B 100 MH628226 Helotiales 11.4 3
T140 Alternaria sp. B 100 MH628227 Pleosporales 10.5 4
E74 Lachnum sp. A 99 MH628228 Helotiales 10.5 3
CP17 Trichoderma sp. B 100 MH628229 Hypocreales 10.5 2
Only the taxa with an incidence in plants greater than 20% are listed. Supplementary Table S1 contains the complete list of 135 taxa identified.
Others
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FIGURE 2 | Rank-abundance plot showing the incidence in plants of each
FIGURE 1 | Distribution of fungal taxa from roots of Festuca rubra subsp. taxon identified in roots of Festuca rubra subsp. pruinosa plants from marine
pruinosa plants from marine cliffs in northern Spain according to orders. cliffs in northern Spain.

or more populations: Fusarium oxysporum (57.1%), Diaporthe
sp. A (54.3%), Fusarium sp. A (40.9%), Helotiales sp. A (37.1%),
Slopeiomyces cylindrosporus (27.6%), Drechslera sp. (27.6%), and
Penicillium sp. F (20.0%) (Table 2). The identification of several
F. oxysporum strains was confirmed by Martijn Rep and Maria
Constantin (University of Amsterdam) by means of an analysis
of their EFla gene sequence. Because of their relatively high
incidence within and among populations, these taxa could be
considered as part of the core microbiome of FRP.

A second set of relatively abundant taxa were isolated from 10
to 20% of the plants, and at two or more populations (Table 2),
these were Darksidea sp., Periconia macrospinosa, Penicillium sp.

A, Alternaria sp. A, Fusarium sp. B, Dactylonectria alcacerensis,
Helotiales sp. B, Alternaria sp. B, Lachnum sp. A and Trichoderma
sp. B. The remaining 118 taxa were found in less than 10% of the
plants and 58 of them were singletons, occurring in a single plant.

Some of most abundant taxa, like Darksidea sp., Periconia
macrospinosa, Slopeiomyces cylindrosporus and Drechslera sp.,
belong to the group of fungi known as dark septate endophytes
(DSE). Fungi from the DSE group present some particular
morphological characteristics, such as septated and melanized
hyphae. These characteristics were observed in hyphae from two
strains of Helotiales sp. A under the light microscope. Therefore,
Helotiales sp. A also seems to belong to the DSE.
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All  populations  produced non-asymptotic  species
accumulation curves, suggesting that increased sampling
effort would reveal new fungal species (Figure 3). The Chao and
Bootstrap estimators of the maximum number of species did not
approach an horizontal asymptote, what made them unreliable
estimators for this particular case.

Effect of Epichloé festucae on Root

Endophytic Fungal Communities

In the set of 105 plants analyzed, 69 were infected by Epichloé
festucae (E+) and 36 were not (E—). Out of the 135 fungal species
identified in all plants, 52 were exclusive of E+4 plants, 29 of E—
plants, and 54 occurred in both.

The ANOVA showed that neither the presence of Epichloé nor
population had a significant effect on species richness (F = 1.999;
p = 0276 and F = 1.626; p = 0.174 respectively). The beta
diversity index showed a similar trend, no significant differences
were found between E+ and E— plants (p = 0.989) or among
populations (p = 0.377 for all pairwise comparisons). The values
of the Shannon diversity index (H’) were relatively high, but
similar for E+ and E— plants (Table 3).

Both E+ and E— plants displayed similar species
accumulation curves when the data from all five populations
were pooled (Figure 4A). The species richness accumulated at
36 plants was 80.93 £ 5.24 for E+ plants and 72.03 £ 1.04 for

1]
Q0 1
?
Q
3 -
F ©
© -
o
c
> 9o |
el ]
e
o
o -
]
€ o
2‘—
o -

Number of plants

FIGURE 3 | Species accumulation curves for fungal species isolated from
roots of Festuca rubra subsp. pruinosa at five populations from marine cliffs in
northern Spain. TDH, Torre de Hércules; CED, Cedeira; EDB, Estaca de
Bares; SPR, San Pedro de la Rivera; CDP, Cabo de Pefas.

TABLE 3 | Fungal species richness and diversity in roots of Festuca rubra subsp.
pruinosa plants infected (E+) or not infected (E—) by Epichioé festucae at five
populations in marine cliffs.

Factor Number of Species per B diversity H’ Shannon
plants plant (Kolleff)
analyzed
Epichloé E+ 69 7.19 + 2.63 0.59 + 0.07 4.04
E— 36 7.08 + 3.11 0.59 + 0.08 3.90
Population TDH 21 6.52 £ 1.91 0.51+£0.10 3.13
CED 19 6.84 £+ 2.59 0.50 &+ 0.10 3.32
EDB 22 7.47 £ 255 0.56 + 0.10 3.48
CDP 20 6.67 + 3.45 0.55 +0.10 3.59
SPR 23 8.17 + 3.04 0.55 + 0.05 3.43

E— plants. Within each population, we found small differences
(both positive and negative) between E+ and E— plants
(Figures 4B-F).

The first two axes of the CCA were statistically significant
(p =0.001) and explained 35.18 and 29.36% of the variance. After
the forward selection, only the variable population was finally
included in the CCA and explained the 5.29% of the variation.
The CCA biplot showed no clear separation between E+ and
E— plants (Figure 5). However, there was a segregation among
plant populations: the first axis clustered populations according
to regions and separated the Asturian populations (CDP and
SPR) from the Galician ones (TDH, CED and EDB); and the
second axis segregated both Asturian populations, suggesting that
the structure of the root mycobiota of these two populations
differ between them and with respect to the Galician populations
(Figure 5). All the core and the abundant taxa were present
in both E+ and E— plants, although some species were more
abundant in E+ (Slopeiomyces cylindrosporus) or in E— plants
(Drechslera sp.) (Figure 6).

In terms of similarity of the fungal assemblages between pairs
of populations, J values were higher between populations from
the same region, 0.238 to 0.362 among Galician populations
and 0.238 between Asturian populations, than between Galician
and Asturian populations, which ranged from 0.095 to 0.193
(Table 4).

Salt Tolerance and Enzymatic Activity of
Endophytic Fungi

The salt tolerance assay showed that fungal strains had three
different types of response in terms of their radial growth. Most
strains analyzed (71.8%) were halophilic, showing a statistically
significant increase in radial growth in PDA plates containing
NaCl respect to the control (Supplementary Table S2). The radial
growth of 51.5% of these halophilic strains increased at both
NaCl concentrations; that of 21.2% increased only in 600 mM
NaCl, and that of 27.3% increased only in 300 mM NaCl. All
nine Fusarium strains and four of the five Diaporthe sp. A strains
tested were halophylic.

Some strains (6.5%) were halotolerant, not showing a
significant difference in radial growth in 300 mM and 600 mM
NaCl with respect to the control. Finally, 21.7% of the strains
showed a radial growth decrease in culture media containing
NaCl and were classified as halosensitive, 80.0% of these strains
decreased only in 600mM NaCl, and the remaining 20.0% did
it at both salt concentrations. Within taxa like Diaporthe sp. A,
Periconia macrospinosa or Penicillium sp. F, some strains had
different responses, i.e., Diaporthe strain S129 was halophilic and
strain S69 halosensitive (Supplementary Table S2).

The nine E. festucae strains tested were halosensitive, all
decreased in radial growth in the 600 mM medium (Table 5).
Seven of them did not show a significant difference in radial
growth with respect to the control at 300 mM NaCL

Cellulase and amylase activities were assayed for 43 fungal
strains (Table 6). Twenty three of these strains, including all
tested strains of Fusarium oxysporum, Penicillium and Helotiales
sp. A, showed cellulase activity in vitro. In contrast, none of the
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six Diaporthe sp. A strains tested was positive. Amylase activity
was detected in only nine strains, including all four Penicillium
strains tested.

Effect of FRP Endophytes on Growth of

Lolium perenne
A two-way ANOVA showed a significant effect of salinity

(p = 0.004; Xeonwrol = 0236 g Xnaci = 0.192 g), endophyte
inoculated (p < 0.001; Xcontrol = 0.194 8, Xpericonia = 0.231 g,

Xpenicillium = 0.109, Xpigporthe = 0.321 g), and their interaction
(p = 0.034; Figure 7) on dry matter production of L. perenne.
Plants inoculated with Diaporthe S69, a Diaporthe sp. A strain,
showed a significant increase in biomass production with respect
to the uninoculated control plants in both watering treatments:
31.3% in tap water and 48.9% under saline irrigation (Figure 7).
The plants inoculated with Periconia S6 had greater biomass

in both watering treatments, but the difference respect to the
controls was not significant. In contrast, plants inoculated with
Penicillium E7 did not show visual symptoms of stress such
as dry leaves, but showed a significant decrease in biomass
production under the tap water treatment; in the salinity
treatment the difference in biomass was not significant with
respect to uninoculated plants. In addition, the biomass of plants
inoculated with Penicillium E7 did not differ between tap water
and salinity treatments.

Sodium was significantly affected by salt (p < 0.001),
endophyte inoculated (p < 0.001) and their interaction
(p = 0.002). Inoculated plants with Periconia S6 and Diaporthe
S69 strains had greater Na than controls under tap water
treatment (Figure 7). When plants were salt irrigated, the
increase in Na was greater in plants inoculated with E7, S6 or S69
strains than in control plants. Potassium content was significantly
affected by salt (p = 0.038), endophyte inoculated (p < 0.001) and
their interaction (p = 0.003). Inoculated plants with E7, S6 or S69
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strains had significantly greater K concentration than controls at
water treatment (Figure 7). At salt treatment, plants inoculated
with Penicillium E7 had the greatest K content.

After the harvest, root fragments of Lolium perenne were
plated on culture media and the fungal isolates obtained
were identified through morphological characteristics as the
endophytes inoculated into the plants. The reisolation of these
fungi indicated their compatibility with L. perenne and the
success of plant inoculation.

DISCUSSION

The Core Microbiome of Festuca rubra

subsp. pruinosa

The roots of Festuca rubra subsp. pruinosa were found to be
a niche containing numerous fungal species, an assemblage
of 135 culturable species was identified. This magnitude is
not unusual in surveys of the mycobiota of grasses (Sanchez
Mérquez et al., 2012), but the high incidence of seven species
that were present in more than 20% of the plants, and in
several populations is remarkable. These species were Fusarium
oxysporum, Diaporthe sp. A, Fusarium sp. A, Helotiales sp. A,
Drechslera sp., Slopeiomyces cylindrosporus, and Penicillium sp. F.
In particular, Fusarium oxysporum and Diaporthe sp. A occurred
in more than 50% of the plants, and at all five populations
examined. Those seven fungal species seem to be components
of the core microbiome of FRP, because they are shared by a
significant number of plants, and occur at different populations
(Shade and Handelsman, 2012). It is not common to find a

group of fungal species with such high incidence within and
among plant populations. Using similar methodology, as well as
culture independent methods, no more than two or three species
with an incidence greater than 20% were found in surveys of
other grasses (Sanchez Marquez et al., 2008, 2010; Ofek-Lalzar
et al., 2016; Zhong et al., 2018). In addition, dominant species
reported in several taxa of inland grasses, such as Cladosporium
or Epicoccum, were absent from FRP plants (Peldez et al., 1998;
Sanchez Marquez et al.,, 2012; Ofek-Lalzar et al., 2016).

Two of the core taxa of FRP belonged to the genus Fusarium.
Although this genus is best known due to important pathogens
of numerous agricultural species, it is also one of the most
commonly isolated genera of endophytes from grasses and other
plants (Vazquez de Aldana et al, 2013; Martins et al.,, 2016;
Lofgren et al., 2018). Research on endophytic Fusarium has
shown that some strains can improve the salinity tolerance of
their host plants (Rodriguez and Redman, 2008; Redman et al.,
2011). Furthermore, F. oxysporum strains obtained from FRP
plants in this study were found to protect tomato plants against
a pathogenic strain of F. oxysporum f.sp. lycopersici (Constantin
etal., 2017).

The genus Diaporthe contains numerous species that behave
as endophytes or pathogens, and in some cases as both,
depending on the host plant species (Gomes et al., 2013).
Diaporthe sp. A is a main component of the core microbiome
of FRP, and species of this genus have also been reported as
dominant components of the microbiome of olive and other
plants (Martins et al., 2016; Noriler et al., 2018). Regarding
mutualism, Diaporthe strains originally isolated from wild plant
species promoted the growth of rice and tritordeum (Yang et al.,
2015; Zabalgogeazcoa et al., 2018).

Our work revealed that associations between DSE and FRP
roots are common in sea cliffs. Some of the core and most
abundant taxa, such as Darksidea sp., Periconia macrospinosa,
Slopeiomyces cylindrosporus and Drechslera sp., were previously
reported as DSE in other grasses (Hornby et al., 1977; Knapp
et al., 2012, 2015; Siless et al., 2018). In addition, Helotiales
sp. A also seems to be a DSE because its hyphae had
characteristics of this group, and other members of the Helotiales
(i.e., Phialocephala fortinii) are recognized as DSE (Sieber and
Griinig, 2013; Ridout et al, 2017). DSE colonize roots of
plants communities in different habitats, and some authors
hypothesized that these fungi can play an important role in
plant adaptation to abiotic stress conditions, especially drought
(Porras-Alfaro et al., 2008; Knapp et al., 2015). However, in spite
of their abundance in nature, there is still uncertainty about the
ecological significance of plant-DSE symbioses (Mandyam and
Jumpponen, 2014).

Given the characteristics of the FRP habitat, strains from
taxa belonging to the core microbiome of FRP are excellent
candidates to test their possible role in host plant adaptation
to salinity. Habitat-adapted symbiosis is a phenomenon which
occurs when plants establish relationships with symbionts which
enhance their adaptation to a particular stress factor present in
their habitat (Rodriguez and Redman, 2008). Whether this occurs
in the plant-endophyte systems here described would require
inoculation of FRP seedlings and evaluation of plant performance
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TABLE 4 | Jaccard index of similarity (bold) and number of fungal species
identified in roots of each pair of populations (italic) of Festuca rubra subsp.
pruinosa plants from marine cliffs.

Population TDH CED EDB SPR CDP
TDH 1.000 0.238 0.362 0.095 0.147
CED 63 1.000 0.300 0.182 0.154
EDB 58 70 1.000 0.193 0.182
SPR 84 88 88 1.000 0.238
CDP 68 78 77 84 1.000

parameters under salinity stress. The search for endophytes from
the core microbiome of wild plants adapted to unhospitable
habitats has produced interesting solutions for the improvement
of stress tolerance on agronomic crops (Redman et al., 2011; Ali
etal., 2018).

Because of our research interest in culturable fungi, and the
isolation methods used, components of the plant microbiome
such as bacteria or non-culturable fungi were not identified
in this survey. Members of these groups could have an
important role in the adaptation of FRP plants to marine
cliffs. For instance, symbioses with arbuscular mycorrizal fungi
(AMF) can contribute to plant growth and protection under
environmental stress (Lenoir et al., 2016). Symbiotic associations
with AMF have been reported for some Festuca species (i.e.,

Dalpé and Aiken, 1998; Santos et al., 2006), but their presence
and effects in FRP were not studied, and deserve attention.

In this work, about 72% of the fungal strains from FRP roots
were classified as halophilic, their radial growth in vitro increased
in the presence of NaCl. This category included some species
of the core microbiome of FRP, like Diaporthe sp. A, Fusarium
oxysporum, Fusarium sp. A, and Helotiales sp. A. In contrast, E.
festucae showed a halosensitive response. The life cycle of this
fungus which colonizes the intercellular space of aerial tissues
and is seed transmitted, can be completely endophytic. Thus, host
plants protect the fungus from the harmful saline environment.
However, other fungal species which spend a part of their life
cycle outside of their plant hosts might benefit from being
halotolerant.

Cellulase or amylase enzymatic activity in vitro was detected
in some of the core taxa, such as Fusarium oxysporum, Helotiales
sp. A and Penicillium sp. F. These enzymes degrade cellulose
and starch to soluble sugars such as glucose, cellobiose, and
other oligomers which can be readily absorbed by plant roots
(Carroll et al., 1983). Considering that FRP plants grow in rock
fissures where soil and nutrients are very scarce, fungi with these
enzymatic activities could have a role recycling nutrients from
dead roots. However, these two enzymatic activities were not
detected in cultures of Slopeiomyces cylindrosporus, a fungus with
saprobic capability (Hornby et al., 1977), and cellulase activity
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TABLE 5 | Radial growth of nine Epichloé festucae strains isolated from Festuca rubra subsp. pruinosa plants from marine cliffs in PDA plates with different NaCl

concentrations.
Strain Radial growth (cm) Type of response
0mM 300 mM 600 mM
TDH1 2.12 ab 240b 1.60a Halosensitive
TDH11 1.97 ab 242 a 1.82b Halosensitive
TDH3 2.67 a 2.60 a 1.62b Halosensitive N\
CED6 2.67 a 2.17 ab 1.43b Halosensitive
CED12 243 a 2.37a 1.55b Halosensitive
CED10 2.48 a 240 a 1.32b Halosensitive
CED1 242 a 2.33a 142b Halosensitive 0 300 600 mM
EDB9 2.37a 1.25b 0.67c Halosensitive
EDB11 2.85a 1.65b 0.68c¢c Halosensitive

For each row different letters indicate significant differences at p < 0.05.

was absent form Diaporthe sp. A strains. This result could be due
to non-induction of these enzymes in the culture medium used,
because both fungal strains grew well as saprobes in a beet pulp
medium, rich in carbohydrate and protein, which was used to
prepare inoculum for plant inoculations.

Potential of FRP Endophytes for Plant

Improvement

Knowledge about the role of endophytic fungi on plant
adaptation to salinity stress is important because the world
surface of saline soils is increasing, producing economic losses
in crops (Munns and Gilliham, 2015). Diaporthe sp. A strain S69
improved the growth of plants of Lolium perenne, an important
forage grass, in the presence and absence of salinity stress.
On average, plants inoculated with Diaporthe S69 produced
31% more aerial biomass than the uninoculated controls under
normal conditions, and 49% more under salinity stress. Similarly,
fungal endophytes such as Piriformospora indica, Fusarium
culmorum, or Penicillium minioluteum can alter physiological
processes and improve tolerance to salt stress in agricultural crop
species (Baltruschat et al., 2008; Khan et al., 2011; Redman et al.,
2011).

One of the indirect consequences of salinity is an enrichment
of Na and deficiency of K in plant cells, caused by the competition
between Na and K, that have similar ionic radii and ion hydration
energies (Munns and Tester, 2008). We found that L. perenne
plants inoculated with Periconia S6, Penicillium E7 and Diaporthe
S69 strains accumulated significantly more K in aboveground
tissues under the tap water treatment than uninoculated plants;
this suggests that an enrichment of Na due to salinity might
have been prevented by the increased K content present before
the stress. Similar results were observed in grasses inoculated
with Aspergillus aculeatus (Xie et al., 2017) suggesting that the
maintenance of a high level of K may contribute the alleviation
of the negative effect of sodium. A beneficial effect of K
accumulation in plants has also been reported for associations
with arbuscular mycorrhiza (Langenfeld-Heyser et al., 2007) and
Epichloé spp. (Chen et al., 2018). It is important to point out
that the increase in biomass of L. perenne plants inoculated with

Diaporthe strain S69 occurred not only during salt treatment
but also in the tap water treatment. This implies that the
fungal effect improving plant growth was not a specific process
induced by salinity. To study the effect of fungal strains on plant
parameters which can be altered by endophytes to improve plant
performance, such as phytohormones, photosynthetic capacity,
nutrient absorption or antioxidant capability (Baltruschat et al.,
2008; Redman et al., 2011; Leitdo and Enguita, 2016) is a future
objective of our research.

Effect of Epichloé festucae, an
Aboveground Tissue Endophyte, on Root
Mycobiota

The incidence of Epichlde festucae in FRP populations was
65.7%, a value very similar to that of 69% observed in a
previous survey that included the same populations from Galicia
(Zabalgogeazcoa et al., 2006). The relatively high incidence of
E. festucae suggests that in an unhospitable habitat like sea cliffs,
the costs of harboring a systemic symbiont could be compensated
by mutualism. However, endophyte incidences closer to 100%
could be expected under such circumstances. Whether natural
selection favoring E+ plants, the efficiency of seed transmission,
or a combination of both processes are involved in the prevalence
rates of Epichloé observed in FRP populations is unknown, and
deserves further study. Imperfect seed transmission (<100%)
has been reported in other grass - Epichloé systems (Gundel
et al., 2009). High incidence of Epichloé festucae in Festuca rubra
populations has been reported in semiarid grasslands (70%)
(Zabalgogeazcoa et al., 1999), or in the Scottish islands of St. Kilda
(80%) (Bazely et al.,, 1997). In contrast, in Finland only 9 of 49
infected F. rubra populations had frequencies greater than 50%
(Wali et al., 2007), and no plants harboring Epichloé were found
in populations from subarctic regions of Canada (Santangelo and
Kotanen, 2016).

In some grass-endophyte associations Epichloé species
could play a key role in salt tolerance. In pot experiments
Epichloé coenophiala increased the root biomass of tall fescue
(Schedonorus arundinaceous) (Sabzalian and Mirlohi, 2010), and
another Epichloé species increased the shoot and root biomass
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TABLE 6 | Cellulase and amylase activity in fungal strains isolated from roots
Festuca rubra subsp. pruinosa plants from marine cliffs.

ID Endophyte Cellulase Amylase
activity activity

T16 Alternaria sp. A - ++
C115 Alternaria sp. B - +
T90 Codinaeopsis sp. ++ -
C2 Dactylonectria alcacerensis - —
C1 Darksidea sp. + —
C7 Darksidea sp. + -
CP36 Diaporthe sp. A - —
EB4 Diaporthe sp. A — —
S129 Diaporthe sp. A - +
S32 Diaporthe sp. A — —
S69 Diaporthe sp. A - -
T18 Diaporthe sp. A — —
CP1 Drechslera sp. — —
E71 Drechslera sp. — —
T41 Drechslera sp. — —
T50 Drechslera sp. — —
CcDs8 Epichloé festucae - -
S13 Fusarium sp. A + -
T112 Fusarium sp. A + —
T6 Fusarium sp. A + —
C70 Fusarium sp. B -+ -
S38 Fusarium sp. B + +
CP3 Fusarium oxysporum ++ —
S10 Fusarium oxysporum + ++
SP8 Fusarium oxysporum + —
T150 Fusarium oxysporum + —
E79 Helotiales sp. B +++ -
S74 Lachnum sp. - —
C4a4 Helotiales sp. A ++ —
S75 Helotiales sp. A ++ —
T141 Helotiales sp. A ++ -
T29 Helotiales sp. A + —
T3 Helotiales sp. A ++ —
T114 Penicillium sp. F ++ 4+
C13 Penicillium sp. A + +
E7 Penicillium sp. A ++4+ +
T59 Penicillium sp. A ++ +
S6 Periconia macrospinosa — —
T131 Periconia macrospinosa — —
C43 Slopeiomyces cylindrosporus - -
S5 Slopeiomyces cylindrosporus - -
T70 Slopeiomyces cylindrosporus — —
CP17 Trichoderma sp. B ++ —

(—) No enzymatic activity; (+) Slight activity; halo < 3 mm. (++) Moderate activity;
halo < 5 mm. (+++) High activity; halo > 5 mm.

of wild barley (Hordeum brevisubulatum) under salinity stress
(Song et al., 2015; Chen et al., 2018). In contrast, in FRP plants
no significant effect of Epichloé on shoot dry weight was detected
under salt treatment, although root growth or other parameters
that could be affected by the presence of E. festucae under salinity
were not analyzed (Zabalgogeazcoa et al., 2006). Nevertheless,
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FIGURE 7 | Effect of inoculation with strains Periconia S6, Penicillium E7 and
Diaporthe S69, isolated from Festuca rubra subsp. pruinosa, on dry matter
production, and Na and K content of Lolium perenne plants watered with

0 mM and 200 mM NaCl. For each NaCl concentration, different letters
indicate significantly different means (p < 0.05).

in a stressful habitat like sea cliffs, environmental pressure on a
holobiont might not necessarily affect an individual endophyte,
but an assemblage where interactions among the plant host and
the eukaryotic and prokaryotic microbiome components might
be complex.

The presence of Epichloé in aboveground tissues of the
host plant can affect underground processes by altering
rhizospheric conditions that affect the density and activity of
soil microorganisms (Omacini et al., 2012). This may result
from endophyte effects on root exudates that can act as
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chemical attractants or repellents in the rhizosphere (Malinowski
et al.,, 1998). For instance, phenolic compounds are microbial
inhibitors, and they increase in roots due to the presence of
Epichloé (Ponce et al., 2009; Vazquez de Aldana et al., 2011).
The effect of Epichloé on arbuscular mycorrhizal fungi has
been extensively studied, and reduction, promotion, and null
effects have been reported (Omacini et al., 2006; Novas et al.,
2012; Rojas et al., 2016). Our results indicate that E. festucae
did not have a clear and significant effect on the composition
of the core microbiome or other mycobiota from FRP roots,
although changes in the abundance of some species were found.
These results are in agreement with other studies where the
presence of Epichloé did not alter fungal colonization in roots
(Vandegrift et al., 2015; Slaughter and McCulley, 2016) or shoots
(Zabalgogeazcoa et al., 2013). Nevertheless, Zhong et al. (2018)
reported that the presence of Epichloé decreased the diversity of
root-associated fungi in Achnatherum inebrians and changed the
community composition. However, such changes were in fungal
orders with an abundance lower than 10%, where the number of
isolates of these taxa can be low.

CONCLUSION

In conclusion, this study shows that numerous species of
culturable fungi are associated to the roots of Festuca rubra
subsp. pruinosa in its sea cliff habitat. Within this fungal
assemblage of 135 species, a set of seven species occurred in a
relatively high number of plants and locations, and those seem
to be components of the core mycobiome of FRP: Fusarium
oxysporum, Diaporthe sp. A, Fusarium sp. A, Helotiales sp. A,
Drechslera sp., Slopeiomyces cylindrosporus, and Penicillium sp.
F. Strains of these species are very promising candidates to
study their role in the adaptation of FRP plants to salinity,
a characteristic stress factor of their habitat. Furthermore,
a Diaporthe strain belonging to the core taxa significantly
improved the growth of Lolium perenne plants under normal and
salinity stress conditions, showing the potential of the FRP core
microbiome for the improvement of agricultural crops.
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BACKGROUND

Fungal pathogens are the main factors responsible for the most severe diseases affecting plants,
leading to significant reduction in yield and crop quality and causing enormous economic losses
worldwide. It is estimated that around 30% of the emerging diseases are caused by fungi (Giraud
et al,, 2010) thus requiring new strategies to improve their management. Biological control
approach, frequently referred to the use of non-pathogenic microbial antagonists or products
derived from their metabolism, represents a valid and promising alternative under a more
ecological perspective to reduce the activities and to control populations of target pathogens (Singh,
2016). However, although the use of antagonists belonging to species different from that of the
pathogen has been successfully reported, the use of competitors belonging to the same species of
the pathogen is not widespread. A biocontrol strategy based on competition for space and nutrients
and/or the induction of plant defenses against virulent pathogens performed by attenuated or
avirulent pathogens (Ghorbanpour et al., 2018) could, therefore, be considered a valid alternative.

THE RESULTS SO FAR

Veloso et al. (2015) reported the use of an avirulent isolate of Fusarium oxysporum to reduce
Verticillium wilt severity in pepper, through competition and induction of the plant defense
responses. A similar approach was described by Salazar et al. (2012) for the management of
anthracnose in strawberries. The avirulent isolate F7 of Colletotrichum fragariae conferred full
protection from the infection caused by C. acutatum and also enhanced plant resistance against
Botrytis cinerea through the induction of plant defense responses. Similarly, the use of an attenuated
Verticillium nigrescens isolate reduced cotton wilt caused by a virulent isolate of V. dahliae (Vagelas
and Leontopoulos, 2015).

(Aimé et al., 2013) used an avirulent isolate of F. oxysporum to combat F. oxysporum f. sp.
lycopersici to reduce Fusarium wilt by priming a Salicylic-dependant signaling defense on tomato
plants. The use of an avirulent strain of Valsa mali var. mali reduced the infection rate of apple
tree canker caused by the virulent strain LXS080601 from 97 to 41% (Zhang et al., 2014) on apple
callus. In 1993 as regards the mycotoxigenic fungi, Cotty and Bayman (1993) suggested the use of a
non-aflatoxigenic isolate of Aspergillus flavus to control the development of aflatoxigenic strains in
maize kernels by competitive exclusion and this strategy today is commercially applied in several
countries (Ojiambo et al., 2018).
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However, the selection of suitable isolates to be used as
potential antagonists from the local fungal community often
takes (long) time for identification and screening. Selection
within a great number of isolates based on morphological,
physiological and genetic features is usually required, followed
by an in vivo screening against the pathogen on a real
disease scenario. An interesting alternative to easily and
quickly obtain new genotypes able to act as biocontrol agents,
could be the induction of genetic mutations in the virulent
genotypes, providing new avirulent strains that can compete
directly with the virulent ones or induce plant defense
responses (Ghorbanpour et al., 2018). The application of genetic
transformation techniques to silencing genes putatively involved
in pathogenicity has been widely used to uncoil the role of these
genes in the establishment and development of the infection
processes (Johnson et al., 2018). However, the disruption of a
gene function usually involves the integration in the genome of
foreign DNA sequences used as reporter genes in order to select
transformants, leading to the generation of antibiotic-resistant or
fluorescent strains. These genetic modifications represent a major
constraint for their use in field.

THE GENOME-EDITING ERA: STATE OF
THE ART AND PERSPECTIVES FOR THE
MANAGEMENT OF PLANT DISEASES

The arrival of the CRISPR-Cas9 (Clustered Regularly Interspaced
Short Palindromic Repeats - CRISPR Associated protein
9) genome-editing technique enabled researchers to modify
genomic sequences in a more precise way (Knott and Doudna,
2018). CRISPR-Cas9 Type II system uses two principal
components for gene targeting and cleavage: the RNA guide
(sgRNA) and the Cas9 endonuclease. The sgRNA consists of
a simple chimeric strand of RNA, which leads Cas9 up to the
localization in the genome of the target gene, whose expression
has to be blocked. Cas9 is able to bind the DNA and to produce
a double strand break (DSB) in the target gene. The DSB then
induces the activation of one of the DNA cellular reparation
systems, the Non-Homologous End-Joining (NHE]) system, that
can re-join the ends of the DSB without introducing errors or,
unlikely, giving rise to insertions or deletions of nucleotides
during the repair. These InDels led to changes in the gene reading
frame producing non-sense sequences or causing the appearance
of premature stop codons, thus blocking the transcription of the
target gene (Bono et al.,, 2015). In most cases the application of
the technique in filamentous fungi consisted of a proof of concept
of its feasibility (see Table 1). The system has the advantage that
once implemented in the organism, it is possible to change the
target gene by changing the sgRNA spacer sequence, as well
as silencing several genes simultaneously by transforming the
cell with different sgRNAs along with Cas9 (Hsu et al., 2015).
Nevertheless, the most interesting advantage is that it allows
to perform marker-free deletions by using transient expression
plasmids that can self-replicate only under antibiotic pressure
(Katayama et al., 2015, Nodvig et al., 2015; Schuster et al., 2016;
Zhang et al., 2016; Liu et al., 2017; Wenderoth et al., 2017; Weyda

et al., 2017; Wang et al,, 2018). The use of CRISPR-Cas not
only provides a time-saving path to perform genomic functional
analyses, but also could provide new fungal genotypes, that can
be used as potential competitors of plant pathogens and/or in the
priming of plant defense responses.

One possible scenario for the application of CRISPR-Cas9
silenced mutants could be Fusarium Head Blight (FHB), one of
the most destructive diseases of grain cereal crops worldwide
caused by different Fusarium spp., with F. graminearum and
F. culmorum as the most common and aggressive agents. In
FHB, while yield loss derives from sterility of infected florets,
grain quality reduction is mainly due to the accumulation of
trichothecenes—coded by the fungal tri genes cluster—highly
toxic for humans and animals. Previous studies reported that
iRNA (interference RNA) Atri6 mutants of F. culmorum showed
reduced disease indices ranging from 40 to 80% on durum
wheat (Scherm et al., 2011). In addition, classic knocked-out
Atri5 and Atri6 mutants of F. graminearum were unable to
spread the disease to the adjacent spikelets and grains on
wheat and corn, respectively, and also induced plant defense
responses (Ravensdale et al., 2014). Likewise, Amapl mutants
of F. graminearum showed two-fold reduction of mycotoxin
production and were unable to produce perithecia as well as
to penetrate in wheat tissues, while the ability to colonize the
straw was not affected (Urban et al., 2003). Considering that
competition for space and nutrients between virulent and non-
virulent strains could reduce the disease, the field release of
non-virulent CRISPR-mutant strains of F. graminearum and
F. culmorum might help to control the incidence of FHB

Another contribution of CRISPR-Cas9 is the production
of well-known antagonists with enhanced biocontrol aptitudes
achieved through genome-editing (Vicente Mufioz et al.,, 2017).
For example, species belonging to genus Trichoderma have been
considered outstanding biocontrol agents able to reduce the
disease severity (Sarrocco et al., 2013), not only by constraining
the growth of the phytopathogens (Sarrocco et al., 2009), even
killing them, but also by eliciting the plant defense responses
(Fiorini et al., 2016; Sarrocco et al., 2017). One of the mechanisms
through which these fungi can antagonize phytopathogenic fungi
is the release of a wide arsenal of cell-wall degrading enzymes
and secondary metabolites such as antibiotics, among others
(Khalid, 2017).

Genetic engineering of the metabolic pathways that trigger
the biosynthesis of secreted proteins and secondary compounds
could provide new fungal strains with enhanced biocontrol
activity. Previous studies reported that it is possible to achieve
the same effect through the silencing of negative regulatory
elements, signal-transduction components or genes belonging
to contiguous metabolic networks, thus, redirecting metabolite
flow and biosynthesis or supressing the feedback inhibition
by which its production could be regulated (Bailey, 1991).
For example, Atvkl mutants of T. virens displayed enhanced
biocontrol activity against R. solani, in addition to an increased
expression of mycoparasitism-related genes and overproduction
of lytic enzymes (Mendoza-Mendoza et al,, 2003). Likewise,
four knockout mutants in SSCPs (small secreted cysteine
rich proteins)-encoding genes of T. virens showed greater
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TABLE 1 | Application of CRISPR-Cas9 for gene-silencing in filamentous fungi.

Fungal species Edited gene

Aim

References

Alternaria alternata Polyketide synthase A (pksA)

1,3,8-THN reductase (bmr2)

Polyketide synthase (albA)
Aspergillus aculeatus Laccase (yA)
Aspergillus brasilensis
Aspergillus carbonarius
Aspergillus luchuensis
Aspergillus nidulans
Aspergillus niger
Aspergillus carbonarius Pigment biosynthetic gene (ayg7)
Polyketide synthase P (oksP)

Aspergillus nidulans Laccase (yA)
Aspergillus niger Polyketide synthase (albA)
Aspergillus oryzae Polyketide synthase (WA)

Aspergillus fumigatus

Aspergillus niger AMP-dependent synthetase and ligase
a-aminoadipate-semialdehyde dehydrogenase
Aldo/keto reductase

Alcohol dehydrogenase, zinc-binding
Short-chain dehydrogenase/reductase

FAD-dependent oxidoreductase

Proof of concept

Proof of concept

Proof of concept
Proof of concept

Proof of concept

Production of
galactaric acid

Wenderoth et al., 2017

Nedvig et al., 2015

Weyda et al., 2017
Zhang et al., 2016
Nedvig et al., 2018

Kuivanen et al., 2016

Mandelate racemase/muconate lactonizing enzyme
d-isomer specific 2-hydroxyacid dehydrogenase

Aspergillus niger
Aspergillus oryzae

Polyketide synthase (albA)
Polyketide synthase (WA)

Proof of concept
Proof of concept

Zheng et al., 2018
Katayama et al., 2015

Conidial laccase (yA)
Orotidine 5-phosphate decarboxylase (pyrG)

Fusarium graminearum Histidine kinase 1 (0s7)

Trichodiene synthase (tri5)

Fusarium oxysporum Orotate phosphoribosiltransferase (ura3, ura5)

Polyketide synthase 4 (pks4)

Ganoderma lucidum Orotate phosphoribosyltransferase (ura3)

Ganoderma lingzhi

Mlyceliopthora thermophila
Myceliopthora heterotalica Endoplasmic reticulum stress regulator (res-7)
B-glucosidase (gh1-1)

Alkaline protease (alp-1)

Neurospora crassa Carbon catabolism repressor (cre-1)

Penicillium chrysogenum Polyketide synthase (pks17)
Scytalone dehydratase (sdh)

suppressor of RAD six (sdr2)

Pyricularia oryzae

Trichoderma reesei
Orotate phosphoribosyltransferase (ura5)

Carbon catabolite repression transcription factor (cre-17)

Transcription factor in cellulase biosynthesis (c/r2)

Proof of concept Gardiner and Kazan, 2018

Proof of concept Wang et al., 2018

Proof of concept Qin et al., 2017
Enhancement of Liuetal., 2017
lignocellulase

production

Enhancement of
cellulase
production

Matsu-ura et al., 2018

Proof of concept Pohl et al., 2016, 2018

Proof of concept Arazoe et al., 2015

Proof of concept Liu et al., 2015

Gene putatively involved in glucose signaling and carbon

catabolism repression (vib7)
Methyltransferase (lae7)

Sclerotinia sclerotiorum Oxaloacetate acetylhydrolase (Ssoah7)
Polyketide synthase (Sspks13)

Ustilago maydis

Central regulator of pathogenic development (bW2) (bET)

Proof of concept
Pathogenicity test

Lietal, 2018

Proof of concept Schuster et al., 2016

ability to induce ISR (Induced Systemic Resistance) on corn
against Cochliobolus heterostrophus than the wild type (Lamdan
et al., 2015). Another example of biocontrol enhanced ability
was described by Reithner et al. (2005) in T. atroviride, in
which the Atgal mutants exhibited an overproduction of
antifungal secondary metabolites. Similarly, the Atmkl mutants

of T. atroviride showed overproduction of 6-pentyl-pyrone and
peptaibols, resulting in an enhanced antifungal activity and
increased protection of bean plants against Rhizoctonia solani
(Reithner et al, 2007). On the other hand, biosynthesis of
secondary metabolites is often carried out by clustered genes
whose expression could be induced by environmental conditions.
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However, in many cases these clusters are silent and their
activation cannot be achieved (Osbourn, 2010). Bok et al.
(2009) demonstrated that the silencing of a transcription factor
involved in the methylation of lysine 4 of the histone H3 in
Aspergillus nidulans activated the expression of cryptic clusters
and yielded novel secondary metabolites. The silencing of acel
gene induces the up-regulation of four polyketide biosynthetic
gene clusters in T. atroviride, leading to an increase in the
production of antibiotics and other secondary metabolites that
clearly enhanced its potential as biocontrol agent against F.
oxysporum and R. solani (Fang and Chen, 2018). Following this
approach, it is possible to induce the activation of unknown
clusters in beneficial fungi by using CRISPR-Cas9, allowing the
discovery of new secondary metabolites that could interact with
plants or phytopathogens. This could result in new interesting
biocontrol strains to be released in field avoiding the introduction
of transgenes in the environment.

CONCLUSIONS

The availability of novel or the improvement of known
techniques that are safer for people and the environment is
of outmost importance to guarantee food safety and security
especially in those countries where famine is still an important
issue (Vurro et al, 2010). A novel technique that allows the
production of precise knock-out mutants without the insertion
of foreign DNA in a saprotrophic/pathogenic fungus opens new
possibilities of controlling plant pathogens. The use of such
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Fusarium Head Blight (FHB) is one of the most devastating diseases of cereals
worldwide, threatening both crop production by affecting cereal grain development,
and human and animal health by contaminating grains with mycotoxins. Despite that
maize residues constitute the primary source of inoculum for Fusarium pathogenic
species, the structure and diversity of Fusarium spp. and microbial communities
in maize residues have received much less attention than in grains. In this study,
a metabarcoding approach was used to study the bacterial, fungal and Fusarium
communities encountered in maize stalks collected from 8 fields in Brittany, France,
after maize harvest during fall 2015. Some predominant genera found in maize residues
were cereal or maize pathogens, such as the fungal Fusarium, Acremonium, and
Phoma genera, and the bacterial Pseudomonas and Erwinia genera. Furthermore,
a high predominance of genera with previously reported biocontrol activity was found,
including the bacterial Sphingomonas, Pedobacter, Flavobacterium, Pseudomonas,
and Janthinobacterium genera; and the fungal Epicoccum, Articulospora, Exophiala,
and Sarocladium genera. Among Fusarium spp., F. graminearum and F. avenaceum
were dominant. We also found that the maize cultivar and previous crop could influence
the structure of microbial communities. Using SparCC co-occurrence network analysis,
significant negative correlations were obtained between Fusarium spp. responsible for
FHB (including £ graminearum and F. avenaceum) and bacterial OTUs classified as
Sphingomonas and fungal OTUs classified as Sarocladium and Epicoccum. Considering
that isolates belonging to these taxa have already been associated with antagonist effect
against different Fusarium spp. and/or other pathogenic microorganisms and due to
their predominance and negative associations with Fusarium spp., they may be good
candidates as biocontrol agents. Combining the use of Fusarium-specific primers with
universal primers for bacteria and fungi allowed us to study the microbial communities,
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but also to track correlations between Fusarium spp. and other bacterial and fungal
genera, using co-occurrence network analysis. Such approach could be a useful tool as
part of a screening strategy for novel antagonist candidates against toxigenic Fusarium
spp., allowing the selection of taxa of interest.

Keywords: maize residues, bacterial communities, fungal communities, Fusarium communities, biocontrol

agents, co-occurrence network

INTRODUCTION

Fusarium Head Blight (FHB) of cereals (Nazari et al,
2014) is caused by several Fusarium species among which
F. graminearum, F. culmorum, F. avenaceum, and F. poae are
the main causal agents in Europe (Xu et al., 2005; Hellin et al.,
2016). FHB is one of the most important diseases affecting
cereals worldwide (Ramirez et al., 2006; Bateman et al., 2007;
Gong et al., 2015) and represents a threat to human and animal
health due to the possible production of mycotoxins by Fusarium
species (Desjardins and Proctor, 2007). Crop rotation, and in
particular maize as previous crop, can increase the risk of FHB
incidence as previous crop infected residues are the primary
source of pathogenic species (Shaner, 2003; Bateman et al., 2007;
Fernandez et al., 2008). A high incidence of Fusarium species
was found in the first internode-stalk of maize plants (Scauflaire
et al., 2011), which is usually left in the field, turning into a
main inoculum source for the following crop (Maiorano et al.,
2008). Current crop, cropping history and tillage system have
a significant influence on Fusarium and fungal communities of
crop residues (Fernandez et al,, 2008), on maize rhizospheric
microbiome (Benitez et al., 2017) and on bulk soil microbial
communities (Legrand et al., 2018). Although the plant genotype
affects the rhizosphere microbial communities in maize (Aira
et al., 2010), no studies have focused on how maize genotype
affect the phyllosphere or the crop residue microbiome.

The low efficacy of current control strategies, mainly based
on agricultural practices including tillage and the use of less
sensitive cultivars, is prompting the scientific community to seek
alternatives. Among them, the application of biocontrol agent
against Fusarium species has been one of the major focuses of
current research due to their compliance with environmental
standards. Several candidate antagonists have been developed
after isolation of microbial strains from different parts of cereals,
such as root rhizosphere from maize (Abiala et al., 2015) and
barley (Abd El Daim et al., 2015), wheat anthers (Palazzini et al.,
2007), seed endophytes from wheat (Diaz Herrera et al., 2016),
endophytes from maize (Mousa et al., 2015), or even from maize
residues (Luongo et al., 2005; Singh et al., 2009), agricultural soils
(He et al., 2009), silages and forest soils (Baffoni et al., 2015).
Generally, the isolation of antagonistic candidates is empirical
and needs confrontation tests under laboratory conditions which
are used to screen a high number of candidates before field
evaluations (He et al., 2009; Schoneberg et al., 2015). The efficacy
of antagonists is usually reduced under field conditions compared
to laboratory conditions (Luongo et al., 2005; Crane et al., 2013;
Schisler et al., 2015; Legrand et al., 2017), mainly because of the
complex interactions of antagonists with their biotic and abiotic

environment in the field. Alternatively, this stepwise approach
may also result in the possible loss of isolates that does not
pass laboratory selection step but have good efficacy under field
conditions (Schoneberg et al., 2015). In the latter study, they
found that Clonostachys rosea, a weak competitor in in vitro
co-culture with two F. graminearum and one F. crookwellense
strains, showed the best antagonist potential of the total 12 strains
screened in the field and was the only one able to reduce FHB
incidence when inoculated after the pathogen. To increase the
efficacy, recent studies demonstrated a synergistic/antagonistic
activity of cocktail strains, such as the use of seven species
isolated from maize roots to increase the efficacy of protection
against F. verticillioides in maize kernels (Niu et al., 2017); similar
results have been reached using a consortium of individually
non-antagonistic bacteria of F. oxysporum in Arabidopsis thaliana
(Fujiwara et al., 2016). Such isolation approach, however, is time-
consuming, and still lack of efficacy. Despite some promising
results, only a limited number of FHB biocontrol agents are
commercially available (Legrand et al., 2017).

These approaches could undoubtedly benefit from the use of
-omics technologies to better describe the microbial community
functioning and improve the screening of antagonist organisms.
Indeed, we must first gain a deeper understanding of the
microbiota to which pathogens are confronted, and study the
diversity and structure of pathogens themselves, especially for
complex pathosystems such as FHB. Such knowledge may help
select more appropriate biocontrol strategies, adapted to the
Fusarium and microbial communities, which may vary according
to the pedo-climatic environment of the agroecosystem. Specific
primers designed to track Fusarium communities in soils
and in wheat kernels using Next Generation Sequencing
(NGS) approaches have already been developed (Edel-Hermann
et al, 2015; Karlsson et al., 2016) but no studies combined
this approach with the use of universal primers for fungal
and/or bacterial species. A few metabarcoding studies aimed at
describing the microbial communities in maize crop bulk soils
and/or rhizospheric soils (Peiffer et al., 2013; Li et al., 2014;
Zhao et al., 2016), while other focused on the influence of the
presence of maize residues on soil microbiota (Chen et al., 2015;
De la Cruz-Barrdn et al,, 2017) but none were dedicated to
the microbial communities found on maize crop residues. Yet,
since the primary source of Fusarium spp. inoculum originates
from infected maize crop residues, it is important to deepen
the knowledge of microbial communities associated with maize
stalks. Those communities may contribute to soil suppressiveness
against Fusarium pathogenic species and may be a good source
of potential antagonists. Such approaches have already been
undertaken in suppressive soils to vanilla and banana Fusarium

Frontiers in Microbiology | www.frontiersin.org

February 2019 | Volume 10 | Article 261


https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Cobo-Diaz et al.

Microbial Communities in Maize Residues

wilt disease (Fu et al., 2017; Xiong et al., 2017) and in suppressive
maize stalks to Fusarium ear rot (Kohl et al., 2015).

In this context, the aims of the present study were to
(i) describe the bacterial, fungal and Fusarium communities
found in maize stalks collected from fields after harvest in
Brittany, France, using a metabarcoding approach; (ii) determine
whether agronomic factors including the cultivar and/or the
previous crop influence the microbial community structure and
diversity; (iii) correlate the abundance of Fusarium pathogenic
species with other bacterial and fungal taxa, using SparCC co-
occurrence network analysis, as a preliminary step to identify
potential antagonist microorganisms.

MATERIALS AND METHODS
Maize Stalk Sampling

Maize stalks were collected from eight agricultural fields across
Brittany, France in November 2015. In total, seven fields
were surveyed in Finistere (Gouesnou, Saint-Renan, Locmaria-
Plouzané and Plouzané) and one in Ille-Et-Vilaine (Gennes sur
Seiche) located approximately 300 km away from the other fields
(Figure 1). Field characteristics including the maize types and
varieties, the previous crop and tillage practices were recorded
(Figure 1). In each field, the above-ground parts of 15 maize
stalks with nodal region were randomly sampled. Stalks were
sampled within 3 days after maize harvest and were stored
at —80°C until DNA extraction, except the one in Ille-Et-
Vilaine, which was sampled within a month after maize harvest.
P1 was chosen as an outgroup to help interpret the degree
of variability observed within the maize kernel silage fields
from Finistere.

DNA Extraction

For each field, 15 stalks were randomly chosen and 3 groups of
3 stalks were randomly selected at laboratory with each group
corresponding to a biological replicate. For each replicate, four
different portions of approximately 1 cm (nodal, internodal
without leave, internodal with leave, and the external part) were
cut with a sterilized scalpel from each stalk, mixed altogether
and ground with liquid nitrogen in an autoclaved mortar and
pestle. The pulverized tissues were stored in 1.5 mL Eppendorf
tubes at 4°C until DNA extraction, performed within 4 h.
DNA was extracted from 200 mg of pulverized maize stalks
using FastDNA®SPIN kit (MP Biomedicals, Santa Ana, CA,
United States) following the manufacturer’s instructions. Quality
and concentration of purified DNA were determined using
a UV spectrophotometer (NanoDrop 1000, Thermo Scientific,
United States), and dilutions of at least 10 ng/j.l were prepared
for each DNA sample.

PCR Amplification and MiSeq

Sequencing

A total of 24 samples (8 fields x 3 replicates) were selected for
amplicon PCRs and high-throughput sequencing. Preparation
of 16S rRNA, ITS and TEF1 libraries, and Illumina MiSeq
300 PE sequencing were performed at the McGill University
and Génome Québec Innovation Centre, Montreal, Canada.
Primers 341F (5-CCTACGGGNGGCWGCAG-3’) and 805R
(5-GACTACHVGGGTATCTAATCC-3') (Herlemann et al,
2011) were used to amplify the variable regions V3 and V4 of the
16S rRNA gene; primers ITSIF (5'-CTTGGTCATTTAGAGGAA
GTAA-3') and ITS4 (5-TCCTCCGCTTATTGATATGC-3')
(White et al, 1990; Gardes and Bruns, 1993) to amplify
the internal transcribed spacer; and primers TEF_FUS_F6

** No = for the last 4 years, Yes = end November
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FIGURE 1 | Field characteristics. (A) Location of the sampled fields; (B) agronomic characteristics of the fields.

o b R
P4 9. -
P3ee. et
Ploumoguer P9 e
P6®:- . e
ebabu P, ‘,l)s‘ ugaste ulas

Variety Previous crop Sowing Date Harvest date Collection Date

No Belicio Maize “feed” 21/04/15 15/09/15 16/10/15
Yes Telexx Wheat 22/04/15 02/11/15 05/11/15
Yes Luigi Mustard 20-22/04/15 08/11/15 09/11/15
Yes Zoé Mustard 20-22/04/15 08/11/15 09/11/15
Yes Telexx Herbs 10/04/15 09/11/15 10/11/15
Yes P8400 Forage rapesced ~ 20/04/15 09/11/15 10/11/15
Yes P8400 Forage rapesced ~ 20/04/15 09/11/15 10/11/15
Yes Telexx Wheat 24/04/15 14-15/11/5 16/11/15

Frontiers in Microbiology | www.frontiersin.org 150

February 2019 | Volume 10 | Article 261


https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Cobo-Diaz et al.

Microbial Communities in Maize Residues

(5'-CCGGTCACTTGATCTACCAG-3') and TEF_FUS_R7
(5'-ATGACGGTGACATAGTAGCG-3) (Cobo-Diaz,
Baroncelli, Le Floch, Picot, unpublished) to amplify a
430 bp region of the translation elongation factor (TEF1) of
Fusarium species.

16S rRNA Read Filtering

The raw sequences were processed and analyzed with
QIIME v1.9.1 (Quantitative Insights Into Microbial Ecology)
(Caporaso et al,, 2010). After joining the paired-end reads
using the multiple_join_paired_ends.py and multiple_split_
libraries_fastq.py scripts with default parameters, the chimeric
sequences were then removed using UCHIME algorithm
(Edgar et al,, 2011) implemented in VSEARCH v1.1.3' against
the ChimeraSlayer reference database (Haas et al., 2011).
UCLUST algorithm (Edgar, 2010) was used for OTU picking and
taxonomic assignment, which was made against GreenGenes
v13.5 database (McDonald et al., 2012). To minimize the inflation
of rare OTUs in the community analysis, we include only OTUs
with sequence count greater than 10 (Brown et al., 2015; Oliver
et al., 2015). Also, chloroplast, mitochondria and “No assigned”
OTUs were discarded.

ITS Read Filtering

Although expected, a low level of joined paired-end reads was
obtained for the ITS dataset, leading us to choose a different
approach using QIIME v1.9.1 (Caporaso et al, 2010). The
forward and reverse files were merged independently, using
multiple_split_libraries_fastq.py. ITS1 and ITS2 regions were first
extracted separately from forward and reverse non-chimera-fasta
files, respectively, using ITSx v1.0.11 (Bengtsson-Palme et al.,
2013) before being concatenated in a new file. A chimera filtering
was made on concatenated file using the UCHIME algorithm
(Edgar etal., 2011) with VSEARCH v1.1.3 see text footnote! and a
modified version of the UNITE/INSDC representative/reference
sequences version 7.2 (UNITE Community, 2017) as reference
database. The modification consisted in extracting ITS1 and ITS2
regions by ITSx software and concatenated them in the modified
version of the database.

The ITSI-ITS2 concatenated file of non-chimeric sequences
was used for OTU picking running the QIIME script
pick_open_reference_otus.py, with BLAST (Altschul et al,
1990) as taxonomic assignment method and a modified version
of UNITE plus INSD non-redundant ITS database version 7.1
(Koljalg et al., 2013). Again, the modified version consisted in
concatenating ITS1 and ITS2 regions after extracting them using
ITSx software.

To minimize the overestimation of rare OTUs in the
community analysis, we include only OTUs with sequence
count greater than 10 (Brown et al., 2015; Oliver et al., 2015).
Only OTUs assigned to kingdom Fungi were used for further
analysis. The taxonomy for fungi known to have both sexual
and asexual stages was replaced by accepted names according to
Chen et al. (2018).

Uhttps://github.com/torognes/vsearch

TEF1 Read Filtering

Paired-end reads were processed with QIIME (Caporaso
et al, 2010), using the multiple_join_paired_ends.py and
multiple_split_libraries_fastq.py scripts with default parameters.
Pick de novo strategy was then employed to cluster the sequences
into OTUs using pick_de_novo_otus.py, at 97% similarity cutoff.
A first taxonomic assignment was performed using BLAST
(Altschul et al., 1990) against NCBI non-redundant nucleotide
database (nt)’. Only sequences assigned to Fusarium or the
teleomorph name (Gibberella and Nectria), longer than 360 bp
and with a percentage of identity higher than 97% were selected
for further analysis, and only OTUs with sequence count greater
than 10 were selected to minimize the inflation of rare OTUs in
the community analysis (Brown et al., 2015; Oliver et al., 2015).

A second step of taxonomic assignment was done using
the Fusarium MLST database web’, with the “pairse DNA
alignments” tool, and compared with that provided by nt
database. TEF1 sequences obtained along with references were
aligned using MAFFT v7.304 (Katoh et al, 2017). Multiple
sequence alignments were exported to MEGA7 (Kumar et al,
2016) and the best-fit substitution model was calculated for
each separate sequence dataset. Using MrBayes 3.2.6 (Ronquist
et al.,, 2012), the Markov chain Monte Carlo (MCMC) algorithm
was performed to generate phylogenetic trees with Bayesian
posterior probabilities for combined sequence datasets using the
nucleotide substitution models determined by MEGA7 (Kimura
2-parameter with gamma distributed rate variation among sites
[K2-G]). Four MCMC chains were run simultaneously for
random trees for 2,000,000 generations (standard deviation of
split frequencies between runs reached <0.01). Samples were
taken every 500 generations. The first 25% of trees were discarded
as burn-in phase of each analysis and posterior probabilities were
determined from the remaining trees.

Alpha and Beta-Diversity Analysis
Metabarcoding datasets obtained after filtering (V3-V4 region
of 16S rRNA, ITS1-ITS2 concatenated regions and Fusarium
TEF1 sequences) were processed equally. A single rarefaction,
based on the sample with the lowest number of reads, was used
for alpha-diversity analysis using single_rarefaction.py QIIME
script. OTUs richness (observed_otus) and evenness (equitability
or Pielous index) were calculated with alpha_diversity.py
QIIME script. The statistical software R v2.9.10 was used to
perform one-way ANOVA with Tukey HSD post hoc test, for
statistical analysis. Differences with p < 0.05 were regarded as
statistically significant.

Taxa relative abundances across samples were compared
with STAMP (Statistical Analysis of Metagenomic Profiles)
bioinformatics software v 2.1.3 (Parks et al., 2014), using the OTU
table from QIIME pipeline without any rarefaction. Statistical
significance of the differences between multiple group-samples
were calculated using ANOVA test, Tukey-Kramer post hoc
test at 0.95 confidence interval, and corresponding p-values

2ftp://ftp.ncbi.nlm.nih.gov/../blast/db/
3http://www.westerdijkinstitute.nl/fusarium/
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FIGURE 2 | Alpha-diversity indices. Richness index (Observed OTUs) and evenness index (equitability or Pielou’s index) per sample for (A,B) 16S rRNA data, (C,D)
ITS data, and (E,F) TEF1 data. Letters indicate statistical differences between samples (p < 0.05). Telexx variety samples are plotted in green and P8600 variety
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were corrected by Benjamini-Hochberg FDR (Benjamini and
Hochberg, 2000).

Canonical Correspondence Analysis (CCA) were made at
OTU level using four different datasets: (i) grouping the replicates
by field samples, (ii) removing sample P1, (iii) grouping only
maize varieties Telexx and P8400, and (iv) grouping previous
crop forage rapeseed, wheat and mustard; using R package Vegan.
Analyses of variance (ANOVA) were made between fields, variety
or previous crop.

Significant correlations between the relative abundance of
bacterial, fungal and Fusarium OTUs were made using Sparse
Correlations for Compositional data algorithm implemented
in SparCC python module (Friedman and Alm, 2012) and
corresponding networks were plotted using the R package qgraph
(Epskamp et al., 2012). Only correlations with a R-corr absolute
value greater than 0.3 and p-value less than 0.05 were plotted. For
correlation analysis, the relative abundance per bacterial, fungal
or Fusarium OTUs was calculated by dividing the number of
sequences per OTU by the total number of amplicon sequences
for each sample. Additionally, relative abundance of Fusarium
OTUs obtained with TEF1 primers, was also divided by the
percentage of ITS sequences assigned to Fusarium genus, in
order to have an estimated relative abundance (percentage) of
each Fusarium species (determined by TEF1) in the total fungal
community (determined by ITS).

Accession Numbers

All the raw reads have been deposited at the NCBI and
are available under the Bioproject ID PRJNA394063%
with BioSample accession numbers from SAMNO07348271
to SAMNO07348278.

RESULTS

Microbial Community Structure

A total of 1,041,456 sequences of 16S rRNA gene were clustered
into 2,334 OTUs after filtering raw reads from 24 maize residue
samples (8 fields x 3 biological replicates) and 12,936 sequences
per sample were randomly extracted for alpha-diversity analysis.
Only 1.98 and 4.54 % of the sequences were assigned to
mitochondria and chloroplast, respectively, and removed along
filtering step. Richness and evenness indices were significantly
found the lowest in P1, with 488 observed OTUs, vs. 771 to 1,025
in the other samples, and with evenness value of 0.65 vs. 0.74 to
0.83. P2 also had significantly lower values compared to P3 and P4
for richness (771 OTUs vs. 964 OTUs in P4 and 1,025 in P3) and
compared to P7 for evenness (0.74 vs. 0.83 in P7) (Figures 2A,B).

“http://www.ncbinlm.nih.gov/
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For ITS, 1,129,203 sequences were clustered into 455 OTUs
and 29,319 sequences per sample were randomly extracted
for alpha-diversity analysis. No sequences belonging to plants
were detected. There were no significant differences for
alpha-diversity indices between fields, with average values of
richness between 88 and 159 OTUs, and 0.49 to 0.70 for
equitability, except for the significantly higher values of observed
richness found in P3 compared to P1 (159 vs. 88 OTUs,
respectively) (Figures 2C,D).

In the case of TEF1 sequences assigned to Fusarium, a total
of 1,023,229 sequences were clustered into 48 OTUs after raw
read filtering. The percentage of sequences not assigned to the
Fusarium genus was very low and only represented 0.039 %
of the total sequences after removing those corresponding to
phage phiX174, used for quality controls in Illumina sequencing.
Between 33,688 and 56,829 sequences per sample (except
replicate 1 from P1, which was removed for further analysis
because it only had 15 sequences) were obtained, and 33,693
sequences per sample were randomly extracted for alpha-
diversity analysis. Although P1 showed a higher value of evenness
(0.55) and richness (28 OTUs) than other fields (evenness from
0.34 to 0.43 and richness from 11 to 19 OTUs), these differences
were not statistically significant (Figures 2E,F).

Bacterial Community Composition

A total of 17 phyla and 143 genera were detected based
on 16S rRNA sequences. The most abundant phyla were
Proteobacteria  (50.5-80.6%), Bacteroidetes (13.6-31.9%),
Verrucomicrobia (0.8-8.0%), Actinobacteria (2.7-5.1%), and
TM7 (0.2-4.4%), with Alphaproteobacteria (23.4-42.8%),
Gammaproteobacteria (7.7-32.2%), and Betaproteobacteria
(6.6-14.8%) as the main proteobacteria classes (Figure 3A). P1
had a significantly higher abundance of Proteobacteria (80.6%
vs. 50.5 to 67.7%) and a lower abundance of Betaproteobacteria
(6.6% vs. 11.4 to 31.9%), Bacteroidetes (13.6% vs. 21.9 to
31.9%), and Verrucomicrobia (1.3 and 0.8, vs. 4.1 to 5.1%)
compared to the other fields. Alpha and Gamma-proteobacteria
were also found to be higher in P1 although differences were
not significant. Other significant differences were found in
P3, where a higher abundance of Proteobacteria (67.7% vs.
50.5 to 62.8%) and Gammaproteobacteria (28.8% vs. 7.7 to
18.3%) and a lower abundance of Bacteroidetes (21.9% vs.
24.1 to 31.9%) were observed compared to the other samples,
except P1 (Figure 3A).

The most abundant genera were 4 proteobacteria:
Sphingomonas (9.6-27.9%), Pseudomonas (1.1-6.2%), Janthino-
bacterium (0.1-5.2%) and Sphingobium (1.3-2.4%); and 2
bacteroidetes: Pedobacter (2.1-9.8%) and Flavobacterium
(0.6-7.7%) (Figure 3B). In total, the abundance of 18 genera
was found to be significantly different between samples, with
some genera more abundant in P1, such as Adhaeribacter,
Phormidium, Stenotrophomonas, and Skermanella (Figure 4).
Some genera were also found to be significantly more
abundant in field P3 (Rodhoferax, Sporocytophaga, Buchnera,
and Sediminibacterium), P4 (Segetibacter and Paracoccus),
P6 (Paenibacillus and Mpycobacterium), P7 (Polaromonas,
Bdellovibrio, and Gemmatimonas), and P9 (Kaistia) (Figure 4).
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FIGURE 3 | Bacterial taxa distribution. Relative abundance of the
predominant (A) bacterial phyla (and Proteobacteria classes) and (B) genera
obtained by 16S rRNA amplicons.

Fungal Community Composition

A total of 16 classes and 124 genera were detected from ITS
sequences. The most abundant classes were Sordariomycetes
(20.3-63.1%), Dothideomycetes (12.5-39.6%), Leotiomycetes
(3.6-18.0%), Eurotiomycetes (1.8-13.8%), Tremellomycetes
(2.4-9.9%), and  Saccharomycetes  (0.0-33.0%), with
Sordariomycetes being the most abundant class in all samples
except in P1, which had Saccharomycetes as the main class
(Figure 5A). In addition, Saccharomycetes was the unique
class with different relative abundances between samples,
which was more abundant in P1 than the others (33.0%
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vs. up to 2.3%). The most abundant genera obtained were
Fusarium (6.1-44.8%), Epicoccum (1.4-27.1%), Articulospora
(3.5-16.6%), Microdochium (0.3-24.6%), Exophiala (1.0-12.9%),
Sarocladium (0.4-14.5%), Cryptococcus (2.1-7.7%), Candida
(0.0-30.0%), Acremonium (0.1-11.5%), and Phoma (0.0-9.2%)
(Figure 5B). Only 2 genera had significant different abundances
between fields: Candida (class Saccharomycetes) and Phoma
(class Dothideomycetes) were more abundant in P1 than
other fields (30.0% vs. up to 2.4% and 9.2 vs. up to 5.4%,
respectively) (Figure 5B).

Fusarium Community Composition

A total of 15 Fusarium species were detected according to
taxonomic assignment performed by phylogenetic tree, although
5 OTUs were not clearly assigned to species level (Figure 6
and Supplementary Table S1). Three of them (denovo419,
denovo339, and denovo314) were named as Fusarium sp. for
further analysis, while denovo380 and denovo779 were grouped
with the 2 OTUs assigned to F. equiseti (denovo921 and
denovo438) inside Fusarium sp. FIESC (Fusarium incarnatum-
equiseti species complex) for further analysis.

Major species were F. graminearum (18.9-71.9%), F. avena-
ceum (15.7-53.8%), F. poae (0.0-18.6%), F. oxysporum (0.002-
12.5%), F. verticillioides (0.0-13.4%), F. temperatum (0-10.1%),
and F. sporotrichioides (0.0-11.1%), which covered between 80.2
to 100% of the total Fusarium sequences per field (Figure 7).
The abundance of these species was unevenly distributed across
fields. However, whatever the field, the most abundant species
were F. graminearum and F. avenaceum, which sum accounted

for 68.9 to 90.1% of the total Fusarium sequences per field,
except in P1 (46.6%), and they were also the 2 Fusarium species
present in all the fields. It is noteworthy that F. avenaceum
outnumbered F. graminearum only in the three fields that had
Telexx as maize variety (P2, P6, and P9). Moreover, other species
were also subdominant depending on the field: F. poae in P4, P6,
P7, and P8 (from 9.2 to 18.6%); F. oxysporum in P1 and P8 (15.4
and 11.8%, respectively); F. sporotrichioides and F. temperatum
in P1 (16.6 and 15.2%, respectively); and F. verticillioides in P9
(13.4%); although there were not significant differences in relative
abundance of Fusarium species between samples (Figure 7).

Canonical Correspondence Analysis

Unsurprisingly, Canonical Correspondence Analysis (CCA)
showed that the composition and distribution of microbial
communities in the outgroup P1 was different from the others
samples. Bacterial, fungal and Fusarium communities presented
significant differences between fields (ANOVA: F = 1.6308,
Pr < 0.001 for bacteria; F = 2.0422, Pr < 0.001 for fungi;
F = 1.7723, Pr < 0.001 for Fusarium), with P1 as the most
different field in all 3 cases; and also P2, P3, and P9 for
bacteria, and P9 for Fusarium communities (Figures 8A-C).
The CCA excluding P1 showed similar degree of significance
between samples (F = 1.4219 and 1.6738, for bacterial and fungal,
respectively, Pr < 0.001), except for Fusarium (F = 1.3428,
Pr = 0.038). A clear separation of almost all fields was observed
for bacterial communities; P4 and P6 for fungal communities;
and P6 and P9 for Fusarium communities (Figures 8D-F). The
same analysis was done selecting the fields which had Telexx

Frontiers in Microbiology | www.frontiersin.org

February 2019 | Volume 10 | Article 261


https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Cobo-Diaz et al.

Microbial Communities in Maize Residues

100% =

Relative Abundance

50% =

Relative Abundance

Field

Fusarim rtieulospora || Exophiala Candida Acremonium

p i i lad Cnp [ phoma

FIGURE 5 | Fungal taxa distribution. Relative abundance of the predominant
fungal (A) classes and (B) genera obtained by ITS amplicons.

and P8400 as maize varieties, obtaining significant differences
between varieties in bacterial (F = 1.5128, Pr = 0.002) and fungal
(F = 1.7022, Pr = 0.015) communities but not in Fusarium
communities (F = 1.2672, Pr = 0.214) (Figures 8G-I). Regarding
the previous crop, only forage rapeseed, mustard and wheat were
analyzed, resulting in significant differences between groups in
bacterial (F = 1.4201, Pr = 0.001), fungal (F = 1.7673, Pr = 0.001)
and Fusarium communities (F = 1.716, Pr = 0.01) (Figures 8J-L).

SparCC Correlation Network
In total, 26 positive and 13 negative significant correlations
(|coefficient correlation (=corr)|>0.3 and p-value < 0.05) were

found between 27 OTUs: 6 from 16SrRNA, 19 from ITS and
4 from TEF1 (Figure 9A). The highest positive correlations
were obviously found between FO1 and Fs01, both assigned
to F. graminearum by ITS and TEF1 sequencing, respectively
(corr = 0.82); and between F02 and Fs02, both assigned to
F. avenaceum by ITS and TEF1 sequencing (corr = 0.51). There
were also significant positive correlations between Fs02 and
the 2 F. graminearum OTUs (FO1 and FsOl, corr = 0.40 for
both) (Figure 9A). One fungal and one bacteria OTUs presented
negative correlations with some Fusarium OTU(s): F04, assigned
to Sarocladium strictum, against Fs03, assigned to F. oxysporum
(corr = —0.30); and BO01, assigned to Sphingomonas, against F01,
Fs01, and Fs04, assigned to F. graminearum by I'TS and TEF1, and
to F. poae by TEF1 (corr = —0.36, —032 and —0.32, respectively).
Moreover, BO1 also presented negative correlations with B02,
B03, B04, F06, and F07, assigned to Pseudomonas, Luteolibacter,
family Xanthomonadaceae, Monographella cucumerina, and
F. poae, respectively (Figure 9A).

The same SparCC correlation analysis was done excluding
the results from the outgroup field P1, which fungal and
bacterial communities and distribution greatly varied from
the other fields. In total 28 OTUs (7 from 16SrRNA, 18
from ITS and 3 from TEF1) presented 20 positive and 16
negative significant correlations between them (Figure 9B). As
happened in the previous network analysis, the highest positive
correlations were between FO1 and Fs01 (corr = 0.83), assigned
to F. graminearum by ITS and TEFI1, respectively; between
F02 and Fs02 (corr = 0.53), assigned to F. avenaceum by ITS
and TEF, respectively; and between F02 and the two OTUs
assigned to F. graminearum (corr = 0.41 for both TEF1 and
ITS). Two fungal OTUs had negative correlations vs. some
Fusarium OTU: the same Sarocladium OTU identified before
(F04) vs. Fs03 and FO08, assigned to F. oxysporum by TEF1 and
ITS sequences (corr = —0.31 and —0.35, respectively); and FO05,
assigned to Epicoccum nigrum, vs. Fs04 and F10, assigned to
F. temperatum and Candida sake (corr = —0.34 and —0.35,
respectively) (Figure 9B).

DISCUSSION

By sequencing three different amplicons from 24 maize samples,
a total of 2,334 bacterial OTUs, 1,428 fungal OTUs and 48
Fusarium OTUs were obtained. This study is one of the first
metabarcoding studies on maize residues, resulting in a higher
diversity than previously found in other NGS studies of the maize
rhizosphere (Peiffer et al., 2013; Li et al., 2014).

Proteobacteria (mainly alpha and gamma-proteobacteria),
Bacteroidetes and Actinobacteria were found as the most
abundant phyla in maize stalk surface, the first two of which
have already been reported as the most abundant in the maize
rhizosphere (Peiffer et al., 2013; Li et al., 2014), in soil samples
after maize harvesting (Chen et al., 2015) and in the first stages
of maize straw decomposition (Sun et al., 2013). Although maize
residues can be considered as a separate compartment and a
particular ecological niche compared to soil samples, some of
the more abundant bacterial genera in the present study had

Frontiers in Microbiology | www.frontiersin.org

February 2019 | Volume 10 | Article 261


https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Cobo-Diaz et al.

Microbial Communities in Maize Residues

KM231924 - Rectij ventricosum
JF740748 - F. redolens
— JF740820 - F. commune

denovo479

KU711691 - F. subglutinans
KF956082 - F. temperatum
denovo737

AF160277 - F. dlaminii
KRO71706 - F. verticillioides
denovoll
KU711678 - F. fujikuroi
AF160285 - F. globosum
0.77 KR673923 - F. proliferatum
denovo846
JF740825 - F. foetens
KR909357 - F. oxysporum
KU711710 - F. oxysporum
denovo250
KR909355 - F. oxysporum
denovo375
KR909356 - F. oxysporum
KP964857 - F. oxysporum
f—— denovo153
t—— denovo866
FJ985335 - F. oxysporum
denovo671
— denovo420
t— denovo691
— denovo632
— denovo722
o denovo579
denovo55
\ose denovo885
=~ denovo304
denovo673
0. -Edenavoss
: denovo132
JF740848 - Fusarium sp. NRRL 52780
denovo419
JF740796 - Fusarium sp. NRRL 52714
denovo339
JF740857 - F. acuminatum
KY659175 - F. tricinctum
KY659173 - F. tricinctum
denovo871
KY659174 - F. tricinctum
denovo891
denovo808
0.54f denovol47
denovo217
denovo929
JF430790 - F. avenaceum
KY659106 - F. avenaceum
denovo308
KR909341 - F. avenaceum
denovo589
KY659107 - F. avenaceum
o.88l KY659105 - F. avenaceum
denovo498
JF740747 - F. lateritium
JF740828 - F. lacertarum
denovo380
denovo779
KU711721 - F. equiseti
denovo921
KY659135 - F. equiseti
KY659134 - F. equiseti
KY659133 - F. equiseti
denovo438
denovo381
JF740876 - F. sporotrichioides
KR909328 - F. poae
denovo289
denovo558
KR909329 - F. poae
KM231941 - F. sambucinum
denovo211
KM231942 - F. venenatum
denovo714
denovo314
denovo455
KR909336 - F. cerealis
KR909335 - F. cerealis
denovo315
JF740860 - F. culmorum
KR909331 - F. culmorum
JF740835 - F. meridionale

0.55]

0.60

KX087136 - F. graminearum
KX087135 - F. graminearum
denovo32

denovo359

JF740867 - F. graminearum
KR909330 - F. graminearum
denovo25
denovo285
denovo510

JF740836 - F. austroamericanum

F. subglutinans

F. temperatum

F. verticillioides

F. proliferatum

F. oxysporum

Fusarium sp. A
Fusarium sp. B
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FIGURE 6 | Phylogenetic tree of TEF1 sequences from Fusarium OTUs and reference isolates, which accession number was indicated. Bayesian posterior
probability (BPP) values (above 0.50) are shown at the nodes. The thickened nodes represent BPP values higher than 0.9.

also been found as predominant in maize rhizospheric soils,
including Sphingobium (Peiffer et al., 2013; Li et al, 2014),
Flavobacterium (Li et al., 2014; Yang et al., 2017; Correa-Galeote
et al,, 2016) and Sphingomonas (Correa-Galeote et al., 2018).
Apart from these genera, the diversity of bacterial communities
found in our maize residues generally differed from that of

maize rhizospheric soils found in other studies (Peiffer et al.,
2013; Li et al,, 2014; Correa-Galeote et al., 2016; Yang et al,
2017). It should also be underlined that 2 of the over-represented
genera in P1, Adhaeribacter and Stenotrophomonas, were also
significantly more abundant in Fusarium wilt suppressive soils
(Siegel-Hertz et al., 2018).
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Some of the most abundant fungal genera found in the
present study, including Fusarium, Epicoccum, Acremonium,
Sarocladium, and Phoma had been reported as endophytes
isolated from maize (Pan and May, 2009; Amin, 2013; Xing
et al., 2018). In particular, Fusarium, Epicoccum, and Phoma
were reported as the most abundant endophytes isolated from
maize leaves, using two different lineages (Szilagyi-Zecchin et al.,
2016), while Acremonium was detected exclusively in Fusarium
wilt suppressive soils, but not in conducive soils (Siegel-Hertz
et al,, 2018). It is important to highlight that, in our maize
samples, genera with reported biocontrol activity (Table 1)
were predominant and included several bacterial genera such
as Sphingomonas, Pedobacter, Flavobacterium, Pseudomonas,
Janthinobacterium, Sphingobium, Chryseobacterium, Luteibacter,
Dyadobacter, and Rhizobium; and fungal genera such as
Epicoccum, Articulospora, Exophiala, Sarocladium, Cryptococcus,
Candida, Acremonium, and Metschnikowia. On the other
hand, only two bacterial genera, Pseudomonas and Erwinia,
and three fungal genera, Fusarium, Acremonium, and Phoma,
within the most abundant ones are known to include maize
or cereal pathogens. A priori, although maize residues have
been reported as the primary source of pathogenic species
(Shaner, 2003; Bateman et al., 2007; Fernandez et al., 2008),
microbial communities obtained from maize crop residues
presented an important amount of organisms that could
increase the protection of future rhizospheric complexes
against pathogens. This hypothesis was corroborated with the
presence of one bacterial and two fungal OTUs, assigned to
Sphingomonas, Epicoccum nigrum, and Sarocladium strictum,
negatively correlated to some Fusarium OTUs; these three
genera were within the most abundant ones in the microbial
communities studied. Likewise, a lower increase of Fusarium
spp. colonization of maize stalks has also been reported when

Sphingomonas species were more abundant (Kohl et al., 2015) and
a strain of Sphingomonas was found to be antagonistic against
F. avenaceum, F. culmorum, F. tricinctum, and F. graminearum
(Wachowska et al, 2013). Acremonium spp. (basionym of
Sarocladium) (Summerbell et al., 2011) were also found to be
more abundant in maize stalks characterized by a lower increase
in Fusarium colonization, rendering it as a potential antagonist
of Fusarium spp. (Kohl et al, 2015). A better taxonomic
classification of the Acremonium species present in our samples
might be necessary as some species belonging to this genera
have been reported to be pathogenic on maize (Tagne et al,
2002). Several Acremonium strains isolated from maize were
able to inhibit the growth of some pathogens, such as Pythium
ultimum, Sclerotium oryzae, Rhizoctonia solani, and Pyricularia
oryzae (Potshangbam et al,, 2017) or produce pyrrocidines A
and B, which induce host defense mechanisms against microbial
pathogens (Wicklow and Poling, 2009). Some Sarocladium
endophytes isolated from wheat were also reported to inhibit
F. graminearum and F. culmorum growth (Comby et al., 2017).
It was also found that some strains of Epicoccum nigrum were able
to reduce the mycelial growth of F. graminearum, F. avenaceum,
and F. oxysporum on PDA (Ogorek and Plaskowska, 2011) and
also in sterile wheat grain assays with F. graminearum (Jensen
et al, 2016); or to reduce the sporulation of F. culmorum
and F. graminearum on wheat straw (Luongo et al, 2005).
Furthermore, E. nigrum has been used as a biological control on
peaches and nectarines orchards against Monilinia spp. (De Cal
et al., 2009) and against Pythium debaryanum and P. ultimum
on cotton seedlings (Hashem and Ali, 2004). Overall, the high
presence of these genera, previously reported as antagonists
and negatively correlated to toxigenic Fusarium species or
other pathogenic organisms, suggests that such taxa may be
of interest as part of biocontrol strategies against toxigenic
Fusarium spp.

The most abundant Fusarium species found in our maize
residues were F. graminearum, F. avenaceum, and F. poae,
with 41.3, 35.4, and 7.1% of the total sequences, respectively,
which are one of the main causal agents responsible for FHB
(Parry et al, 1995; Bottalico and Perrone, 2002). Likewise,
F. graminearum and F. avenaceum were also described as
the predominant species on maize stalks after a 6-month
exposure period in the field, as evaluated by qPCR (Kohl
et al,, 2015) and are commonly found as the main Fusarium
species in wheat, using TEF1 as well as Fusarium spp. specific
primers (Karlsson et al., 2016, 2017) or using culture-dependent
approaches (Xu et al,, 2005; Nicolaisen et al., 2014; Basler,
2016). F. avenaceum was also found as the dominant Fusarium
species in some soil samples associated to perennial plants
(LeBlanc et al., 2017). In opposite to our findings, F. culmorum is
commonly described as a dominant Fusarium species in maize
or cereals (Scauflaire et al., 2011; Basler, 2016; Hellin et al.,
2016). Mutual exclusion between strains of F. graminearum and
F. culmorum had been previously demonstrated (Siou et al,
2015). This competition could account for the low abundance
of F. culmorum (0.05%) in maize stalks in our present study.
In addition, shifts from F. culmorum to F. graminearum
on wheat have been described in different European
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countries, such as England and Wales (Jennings et al., 2004),
Netherlands (Waalwijk et al., 2003), Denmark
(Nielsen et al, 2011), and Belgium for maize ears and
stalks (Scauflaire et al, 2011). Climatic changes were the
main hypothesis put forward, although the increase in
maize-wheat rotation crops may also contribute to this

increase in F. graminearum and decrease in F. culmorum
(Dill-Macky and Jones, 2000; Cromey et al, 2002). The
distribution of the Fusarium communities also strongly depends
on the environmental conditions which would favor some
species over the others. For instance, Dorn et al. (2011) found
that F. graminearum, F. verticillioides, and F. proliferatum were

Frontiers in Microbiology | www.frontiersin.org

158

February 2019 | Volume 10 | Article 261


https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Cobo-Diaz et al.

Microbial Communities in Maize Residues

()

@
dof
\@

®

@

@

(O Bacteria (16S rRNA)
BO1: g Sphingomonas
B02: g_Pseudomonas
BO03: g_Luteolibacter
B04: f Xanthomonadaceace

: g_Sphingomonas

Sphingomonas

Janthinobacterium

‘nterobacteriaceae

BO8: £
B09: s_Sphingomnas wittichii

(© Fungi (ITS)
FO1: s_Fusarium graminearum *
F02: s_Fusarium avenaceum *
i Fusairum avenaceum *
ocladium strictum
“cum nigrum
ficrodochium tabacinum

(=Monographella cucumeringa)

F07:s_Fusarium poae *

F08: s_Fusarium oxysporum *
s_Candida sake
s_Exophiala salmonis

g Articulospora

¢ Articulospora
Articulospora
ficridichium bolleyi
F16: 0_Pleosporales

F17: ¢_Phoma calidophila
F18: g_Sarocladium zeae
F19: 0_Sordariomycetes

F20: g Xenobotryosphaeria
F21:s_Cryptoocus paraflavus

(© Fusarium (TEF-1)

FsO1: s Fusarium graminearum *
Fs02: s_Fusarium avenaceum *
Fs03: s_Fusarium oxysporum *
Fs04: s_Fusarium poae *

Fs05: s_Fusarium temperatum *

FIGURE 9 | SparCC correlation networks observed between OTUs, obtained with 16S rRNA gene (Bacteria), ITS (Fungi), and TEF1 (Fusarium) sequences. Nodes
correspond to OTUs, and connecting edges indicate correlations between them. Only nodes with negative or positive correlations, with values less than —0.30 (red)
or larger than 0.30 (green), were represented. (A) SparCC correlation network using all the samples; (B) SparCC correlation network without the outgroup P1. OTUs
marked with asterisk had been reassigned taxonomically using blastn against nr/nt-NCBI database and Fusarium MLST web database (Supplementary Table S2).

the most dominant Fusarium species isolated from maize kernels
in Switzerland (22.3-81.6, 2.5-41.8, and 0.6-22.0% of occurrence
in kernels, respectively), while F. equiseti, F. proliferatum, and
F. verticillioides were the main Fusarium species in stalks (43.6,
16.3, and 11.5% of occurrence in nodes, and 27.6, 41.5, and
15.5% in internodes, respectively). In our study, F. graminearum
and F. avenaceum seem to be more adapted than species from
the Fusarium fujikuroi species complex (FFSC), including
F. verticillioides and F. temperatum, which were dominant in
maize kernels in Poland (Czembor et al., 2015) and in maize
kernels from Southern to Central Europe (Logrieco et al., 2002).
The mild and humid climatic conditions found in Brittany, which
are known to be favorable to F. graminearum and F. avenaceum
(Xu et al., 2008) may account for such observations. In contrast,
higher prevalence of Fusarium ear rot caused by FFSC including
F. verticillioides occurs under hot and dry conditions. For
instance, F. verticillioides incidence was found negatively
correlated to rainfall values in maize fields in Argentina (Pereira
etal, 2011) and to kernel moisture in maize fields in United States
(Bush et al., 2004). Moreover, we found that Telexx maize variety
had highest abundance of F. avenaceum than F. graminearum,
while the opposite was found for the other varieties used
in the study. These differences in Fusarium composition
could also induce differences in mycotoxin concentrations, as
deoxynivalenol and zearalenone are produced by F. graminearum
while moniliformin, enniatins and beauvericin can be produced
by F. avenaceum (Ferrigo et al., 2016).

Microbial communities found in the maize residues on field
P1 was the most different compared to the other fields. In
general, this field was characterized by both significant lower
bacterial and a higher Fusarium alpha-diversity indices, with a
higher abundance of the fungal Candida. Several factors differed
from the outgroup P1 compared to the other fields (Table 1)
including the maize type and cultivar, the agricultural practices,
the previous crop and the location. In addition, these samples
were collected 1 month after harvest, suggesting that maize
residues were already in the process of degradation. Maize
genotype has already been reported to influence the microbial
communities in rhizospheric samples (Li et al., 2014), it could
also have a strong influence in the microbial communities on
others parts of the plant including the residues. But due to
bias in the sampling design (because this study was rather
designed to estimate the diversity found in maize residues from
various fields in Brittany), we cannot conclude which factor(s)
contributed mainly to these differences between P1 and the other
fields. Additional sampling will be undertaken to further clarify
which factor(s) has(have) the higher influence on microbial
communities, with an emphasis to maize microbial dynamics
over the course of maize residue degradation.

The significance of this study first lies in its design of
a new specific pair of primers to identify Fusarium species
with metabarcoding approach. This new culture-independent
approach for Fusarium species identification could be adapted
to other genera, by the design of specific primers for Illumina

Frontiers in Microbiology | www.frontiersin.org

February 2019 | Volume 10 | Article 261


https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Cobo-Diaz et al.

Microbial Communities in Maize Residues

TABLE 1 | Pathogen and antagonistic characteristics of species or strains belonging to the most abundant genus obtained in maize residues.

% of total Plant Wheat Maize Biocontrol

sequences pathogen pathogen pathogen activity Reference for biocontrol activity
Bacterial genus
Sphingomonas 16.0 Yes No No Yes Wachowska et al., 2013
Pedobacter 6.7 No No No Yes De Boer et al., 2007; Song et al., 2017
Flavobacterium 5.1 No No No Yes Gunasinghe et al., 2004
Pseudomonas 3.6 Yes Yes Yes Yes Hennessy et al., 2017
Janthinobacterium 2.5 No No No Yes Berg et al., 2001
Sphingobium 1.9 Yes No No Yes van Bruggen et al., 2014; Fu et al., 2017
Chryseobacterium 1.7 Yes No No Yes Yin et al., 2013; Sang et al., 2018
Luteibacter 1.7 No No No Yes De Boer et al., 2007
Luteolibacter 1.5 No No No No
Erwinia 1.3 Yes Yes Yes No
Agrobacterium 1.3 Yes No No (1)
Hymenobacter 1.2 No No No No
Dyadobacter 1.0 No No No Yes (2) Fuetal., 2017
Rhizobium 0.8 No No No Yes (3) Al-Ani et al., 2012
Fungal genus
Fusarium 17.1 Yes Yes Yes Yes (3,4) Ghini et al., 2000; Boari and Vurro, 2004
Epicoccum 13.1 Yes No No Yes Luongo et al., 2005
Articulospora 9.1 No No No Yes Sugahara et al., 2008
Microdochium 7.6 Yes Yes No No
Exophiala 7.0 No No No Yes Duvick et al., 1998
Sarocladium 5.7 Yes No No Yes Comby et al., 2017
Cryptococcus 4.4 Yes No No Yes Schisler et al., 2015
Candiida 4.2 No No No Yes Calvo-Garrido et al., 2013
Acremonium 3.1 Yes Yes Yes Yes (3) Rajakumar et al., 2005
Phoma 2.4 Yes Yes Yes No
Xenobotryosphaeria 2.2 No No No No
Pyrenochaetopsis 2.2 No No No No
Ramularia 0.6 Yes No No No
Hannaella 0.5 Yes No No No
Metschnikowia 0.4 No No No Yes Manso and Nunes, 2011

(1) Used for Agrobacterium-mediated plant transformation (Genetically Modified Organisms).

(2) Associated to disease suppressiveness.
(8) Over-represented in Fusarium wilt suppressive soils (Siegel-Hertz et al., 2018).
(4) Non-pathogenic strains.

metabarcoding. In addition, the combined used of these primers
with universal primers for fungi and bacteria allowed, not
only to provide an accurate description of the microbiota as
well as the pathogenic Fusarium spp. under various agronomic
practices (maize cultivar, previous crop), but also to assess
the potential relationships between microorganisms using co-
occurrence network analysis. More particularly, we could
identify predominant taxa negatively correlated to toxigenic
Fusarium spp. Therefore, such approach could be used as
a pre-filtering for the selection of potential antagonists as
part of biocontrol strategies. Following this investigation,
culture-dependent approaches must be done to determine the
antagonistic potential of species identified by the co-occurrence
network analysis, both in laboratory and field experiments.
IMlumina technology allows putting more than one amplicon
type and dozens of samples in only one run (Herbold et al.,
2015). This approach is time-saving compared to the empirical

BCA isolation strategies, and could have more importance in the
screening of antagonists.

Based on the results of this preliminary study, we also
suggest focusing on the microbial dynamics throughout the
plant cultivation cycle in maize-wheat rotations, taking also into
account the influence of plant cultivar on microbial communities.
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The soil-borne pathogenic Ralstonia solanacearum species complex (RSSC) is a
group of plant pathogens that is economically destructive worldwide and has a broad
host range, including various solanaceae plants, banana, ginger, sesame, and clove.
Previously, Korean RSSC strains isolated from samples of potato bacterial wilt were
grouped into four pathotypes based on virulence tests against potato, tomato, eggplant,
and pepper. In this study, we sequenced the genomes of 25 Korean RSSC strains
selected based on these pathotypes. The newly sequenced genomes were analyzed to
determine the phylogenetic relationships between the strains with average nucleotide
identity values, and structurally compared via multiple genome alignment using Mauve
software. To identify candidate genes responsible for the host specificity of the
pathotypes, functional genome comparisons were conducted by analyzing pan-genome
orthologous group (POG) and type Ill secretion system effectors (T3es). POG analyses
revealed that a total of 128 genes were shared only in tomato-non-pathogenic strains,
8 genes in tomato-pathogenic strains, 5 genes in eggplant-non-pathogenic strains, 7
genes in eggplant-pathogenic strains, 1 gene in pepper-non-pathogenic strains, and
34 genes in pepper-pathogenic strains. When we analyzed T3es, three host-specific
effectors were predicted: RipS3 (SKWP3) and RipH3 (HLK3) were found only in tomato-
pathogenic strains, and RipAC (PopC) were found only in eggplant-pathogenic strains.
Overall, we identified host-specific genes and effectors that may be responsible for
virulence functions in RSSC in silico. The expected characters of those genes suggest
that the host range of RSSC is determined by the comprehensive actions of various
virulence factors, including effectors, secretion systems, and metabolic enzymes.

Keywords: Ralstonia solanacearum species complex, bacterial wilt, host specificity, genome, pan-genome, type
Il secretion system effectors
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INTRODUCTION

The Ralstonia solanacearum species complex (RSSC) is a group of
rod-shaped Gram-negative bacteria with polar flagella belonging
to the Burkholderiaceae family of the Betaproteobacteria class.
RSSC are soil-borne pathogens and can live for several years
without a host. The bacteria invade host vascular tissues through
injured roots or natural openings. Then, colonization and
production of exopolysaccharide (EPS) in the stem block water
transport in the xylem, resulting in wilting and death of the host
plant (Denny, 2006).

Ralstonia solanacearum has an uncommonly broad host
range, infecting more than 450 plant species that belong
to more than 50 families, encompassing monocots and
dicots and herbaceous and woody plants (Hayward, 1991;
Wicker et al., 2007; Jiang et al., 2017). R. solanacearum are
found in distinct geographical regions, which include tropical,
subtropical, and warm and cool temperate areas across the
six continents of Asia, Africa, Europe, and North and South
America, and Oceania (Hayward, 1991; Denny, 2006). With
their broad host range and wide geographical distribution,
R. solanacearum have demonstrated great diversity in their
genetic and phenotypic properties, and thus strains of this
species have been designated as a species complex, the
RSSC (Fegan and Prior, 2005; Genin and Denny, 2012). The
RSSC group has been expanded to include Ralstonia syzygii
and blood disease bacteria (BDB), which are closely related
organisms (Taghavi et al., 1996).

The investigation of the genome of R. solanacearum began
with the complete genome sequencing of strain GMI1000,
which significantly advanced the study of pathogenicity by
characterizing the molecular complexity of the organism
(Salanoubat et al., 2002). Subsequently, the complete or draft
genomes of many R. solanacearum strains with various host
ranges became available. To date, there are 86 genomes of
RSSC deposited in the National Center for Biotechnology
Information (NCBI database in Aug 2018'). RSSC usually
have a bipartite genome, with one chromosome and one
megaplasmid; however, some strains (i.e, CMR15 and PSI07)
carry an additional plasmid (Remenant et al., 2010). Whole-
genome comparisons of sequenced genomes have confirmed
the phylotype classification scheme of RSSC: phylotype I
(GMI1000, FQY_4, EPI1, and Y45), phylotype II (CFBP2957,
IPO1609, K60, MolK2, Po82, and UWS551), phylotype III
(CMRI15), and phylotype IV (PSI07, R. syzygii R24 and BDB
R229). RSSC have been reclassified into three species, based
on analyses of various biochemical properties and genomic
comparisons, as follows: R. solanacearum (phylotype II strains),
Ralstonia pseudosolanacearum (phylotype I and III strains), and
R. syzygii (phylotype IV strains, including R. syzygii R24 and
BDB R229) (Safni et al, 2014). RSSC is also divided into
five biovars based on carbohydrate utilization, i.e. the ability
to oxidize 3 disaccharides (lactose, maltose, and cellobiose)
and 3 hexose alcohols (mannitol, dulcitol, and sorbitol)
(Hayward, 1991).

Uhttps://www.ncbi.nlm.nih.gov

A number of factors are responsible for the pathogenesis
of RSSC: global regulatory transcription factors, EPS, plant
hormones, host cell wall-degrading enzymes, adhesion/surface
proteins, toxins, and oxidative stress resistance. Many of them are
secreted in RSSC, and the bacterial pathogen mainly use type II
(T2SS) and type III secretion systems (T3SS). Three types of T2SS,
one orthodox system and two unorthodox systems, have been
found in seven reference genomes, including those of phylotypes
I IL III, and IV (Li et al., 2016). T3SS is also crucial for bacterial
virulence as the plant-inducible secretion machinery, which is
encoded by the highly conserved hrp gene cluster in strains of
phylotypes I, IT, III, and IV (Li et al., 2016).

Type III secretion systems exports virulence factors directly
into the host cells, and these injected proteins are called type
II effector proteins (T3e) (Cunnac et al, 2004; Mukaihara
et al, 2010). T3es of RSSC have been designated as Rip
(Ralstonia-injected proteins), which include the Pop/AWR/Gala
families (Peeters et al., 2013). These proteins have various
functions in the invasion of host plants. For instance, the
GALA family has F-box and leucine-rich repeat (LRR) domains
that are required for full virulence (Angot et al., 2006; Kajava
et al., 2008; Remigi et al, 2011). PopP family proteins work
as avirulence proteins with acetyl transferase activity (PopP2)
(Deslandes et al., 2003), and some AWR family effectors
induce necrotic cell death in host plants (Sole et al., 2012).
Likewise, T3e disrupts the homeostasis of host plants by
disturbing signal transduction. Their defense system falters,
leading to bacterial infection and death by wilting (Poueymiro
and Genin, 2009). In a previous study, pan-genome analyses
of 11 representative RSSC strains identified 94 Rips (Peeters
et al., 2013). Individual RSSC strains possess around 60-75
effectors, and effector repertoire comparisons have revealed 32
core effectors in 10 strains. Most rip genes have a feature in their
promoter region called a plant-inducible promoter (PIP) box,
which is responsive to the T3SS transcriptional regulator HrpB
(Cunnac et al., 2004).

A number of studies have investigated the host specificity
of this highly vulnerable pathogen; however, because of the
indefinite host range and bacterial nomenclature related to
virulence, few systematic studies have clearly defined host
specificity (Guidot et al., 2007; Cellier et al., 2012; Peeters et al.,
2013; Ailloud et al., 2015). Nonetheless, the rsal gene from strain
SL2029 (phylotype IV biovar 2) has been described as a pepper-
specific avirulence gene. The Rsal protein from strain SL2029 is
specifically avirulent for pepper infection, and when this gene is
introduced into the pepper pathogenic strain SL341 (phylotype
I biovar 4), the SL341 with the rsal gene becomes avirulent for
pepper (Jeong et al., 2011).

In our previous study of the pathogenicity against potato,
tomato, eggplant, and pepper, Korean RSSC were divided
into four pathotypes. Since pathotypes reflect genetic traits
of RSSC, we attempted to identify bacterial genes for host
specificity of RSSC by adopting pan-genome analysis. In this
study, we sequenced whole genome of 25 Korean RSSC strains
and performed comparative genome analyses to present the
candidate genes responsible for host specificity including T3es
and pathogenesis related genes.
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MATERIALS AND METHODS

Strain Selection

We previously analyzed the genetic and pathogenic diversity of
Korean RSSC using 93 strains isolated from samples of potato
bacterial wilt throughout the country. To conduct in-depth
analyses of the genetic relationships between RSSC and hosts, 25
isolates were selected based on their host range on solanaceous
crop plants, with typical representative characters for each of the
individual phylotypes (Cho et al., 2018).

Genome Sequencing

For genomic DNA preparation, high-molecular-weight genomic
DNA was prepared as previously described (Cho et al,
2018). Each bacterial genome was sequenced using the Pacific
Biosciences' Single Molecule Real Time (SMRT) Sequencing
Technology with a 20 kb library, P6/C4 chemistry, and one
SMRT cell running *DNAlink, South Korea). De novo assembly
was conducted using the hierarchical genome assembly process
(HGAP ver. 2.3) workflow (Chin et al, 2013), including
consensus polishing with Quiver, and the default parameters
(Minimum Subread Length 500 bp, Minimum Polymerase Read
Quality 0.8, and Minimum Polymerase Read Length 100 bp).
After error correction based on the longest seed reads with
shorter reads, sequences were assembled with error-corrected
reads. Gene prediction was carried out using the Glimmer3
to predict coding sequences (CDSs), and RNAmmer-1.2 and
tRNAscan-SE were used to identify rRNA and tRNA sequences
in the assembled genome. The annotation of each CDS was
performed using homology search against Blastall ver. 2.2.26.

Genome Comparisons

For comparison with reference strains, the genome sequences
of GMI1000, FQY_4, CMRI15, PO82, and PSI07 were retrieved
from the National Center for Biotechnology Information (NCBI)
database and those of R. syzygii R24 and BDB R229 were obtained
from the EMBL database (Table 1). To analyze the overall
genome sequence similarity, the Orthologous Average Nucleotide
Identity (OrthoANI) tool was used (Lee et al., 2016). Multiple
genome alignments were performed using the Mauve software’.

Analysis of Clusters of Orthologous
Groups and Pan-Genome Orthologous

Groups

For comparative genome analyses, clusters of orthologous group
(COQG) and pan-genome orthologous group (POG) analyses were
performed using the Chunlab pipeline (*South Korea) (Chun
etal., 2009). Gene prediction and annotation were analyzed using
the Server for Rapid Annotations using Subsystem Technology
(RAST) (Aziz et al.,, 2008). The annotation of each CDS was
conducted by homology search against the Swiss-Prot, EggNOG
4.1, SEED (the database and infrastructure for comparative

2www.dnalink.com
3http://darlinglab.org/mauve/mauve.html
“http://www.chunlab.com

genomics), and Kyoto Encyclopedia of Genes and Genomes
(KEGG) databases.

Effectors Prediction
The effectors of T3es of the Korean RSSC strains were identified
using the RalstoT3E server® (Peeters et al., 2013).

Genome Submission

The genome sequences of 25 Korean RSSC strains were deposited
in the NCBI database and the accession numbers are listed
in Table 1.

RESULTS

General Genomic Features of the RSSC

Strains

High-quality genomes of the Korean RSSC strains were
constructed using PacBio long read sequencing data. The general
genomic features of the RSSC strains used in this study are
summarized in Table 1. The newly sequenced 25 Korean RSSC
genomes were complete and contained two contigs: one for the
chromosome and another for a megaplasmid, except for T78
strain, which contained one chromosome, one megaplasmid, and
one small plasmid.

All 25 strains analyzed in this study belong to phylotype I
and IV, the assembled genome sizes were 5.4-6.15 Mbp and the
GC contents were 66.4-66.9%. The number of predicted genes
was 5,071-6,811, that of rRNA genes was 9 or 12, and that of
tRNA genes was 54-59. The genome comparison revealed several
differences between the genomes of phylotype I and phylotype
IV, as follows: the average genome sizes of phylotype I and IV
were 5.8 and 5.5 Mbp, the average GC contents were 66.91 and
66.39%, the average number of predicted CDSs was 5,551 and
5,152, the number of rRNA genes was 12 and 9, and the average
number of tRNA genes was 58 and 55, respectively. All genomic
features (genome size, GC content, and number of CDSs, rRNAs,
and tRNAs) of the phylotype I strains were larger than those of the
phylotype IV strains, except for the T42 strain, which was similar
in genome size and CDS number to the phylotype IV strains.

Comparative Genomics: OrthoANI
Analyses and Multiple Genome

Alignments

To compare the overall similarity of the 25 Korean genomes and
9 reference genomes, the OrthoANI values were calculated
(Supplementary Table S1) and are presented with the
phylogenetic tree in Figure 1. In this tree, all Korean phylotype I
strains clustered with the phylotype I reference strains GMI1000
(biovar 3, isolated from tomato in French Guyana) and FQY_4
(biovar 4, isolated from bacterial wilt in a nursery in China)
(Salanoubat et al.,, 2002; Cao et al., 2013). Among the Korean
phylotype I strains, four biovar 3 isolates (SL2330, SL3755,
T25, and T110) clustered more closely with GMI1000, and

“https://iant.toulouse.inra.fr/bacteria/annotation/site/prj/T3Ev3
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ten other biovar 4 isolates (SL2729, SL3103, SL3300, SL3730,
SL3822, SL3882, T42, T60, T78, and T117) clustered more closely
with FQY_4. Eleven Korean phylotype IV strains (SL2064,
SL2312, SL3022, SL3175, T11, T12, T51, T82, T95, T98, and
T101) clustered with the phylotype IV strains of PSI07 (from
tomato in Indonesia), BDB R229 (from banana in Indonesia),
and R. syzygii R24 (from clove in Indonesia), which originated
from the Indonesian region. Among the Korean phylotype
IV strains, SL3175 and T98 were closer to reference strains
PSI07 and BDB R229.

To demonstrate the consistency or variation among the
Korean RSSC genomes, multiple genome alignment was
performed using the Mauve tool (Figure 2). This alignment
revealed that eleven phylotype IV-biovar 2 (hereafter, IV-
2) strains were co-linear along the chromosomes and the
megaplasmids. For phylotype I strains, the phylotype I-biovar 3

(I-3) and phylotype I-biovar 4 (I-4) strains were generally similar
to each other with respect to their genome organization; however,
some strains had a genetic inversion, i.e., SL3300 and T117 had
an inversion in the middle of the chromosome, and T25 and
SL3822 had a large inversion in the megaplasmid. Between the
phylotype I and IV strains, the gene organization revealed many
rearrangements, particularly in the megaplasmid.

COG Distribution Between RSSC Strains

To compare the distribution of functional genes between the
RSSC strains in relation to bacterial virulence and potential
host specificity, the functional categories of COG were analyzed
(Figure 3 and Supplementary Table S2). Among the predicted
CDSs, about 70% of the genes were classified into one of the
22 COG categories and about 30% were of unknown function.
Aside from the genes of unknown function (S), the largest

TABLE 1 | General genome features of the RSSC strains used in this study.

Strain? Phyl-bv® Contigs Size (bp) GC (%) CDSs rRNA tRNA Genome accession®
SL2312 V-2 2 5,521,456 66.4 5,079 9 56 CP022796, CP022797
SL2064 V-2 2 5,473,607 66.4 5,169 9 55 CP022798, CP022799
SL3022 V-2 2 5,605,251 66.3 5,376 9 55 CP023016, CP023017
SL3175 V-2 2 5,555,993 66.4 5,170 9 54 CP022788, CP022789

T V-2 2 5,450,627 66.4 5,143 9 56 CP022776, CP022777

T12 V-2 2 5,520,985 66.4 5,189 9 56 CP022774, CP022775

T51 V-2 2 5,400,849 66.4 5,074 9 55 CP022770, CP022771

T82 V-2 2 5,521,457 66.4 5,071 9 56 CP022763, CP022764

T95 V-2 2 5,474,514 66.4 5,146 9 55 CP022761, CP022762

T98 V-2 2 5,555,978 66.4 5,172 9 54 CP022759, CP022760

T101 V-2 2 5,521,368 66.4 5,086 9 56 CP022757, CP022758
SL2330 I-3 2 5,674,600 67 5,242 12 58 CP022794, CP022795
SL3755 I-3 2 5,792,854 66.9 5,413 12 58 CP022782, CP022783

T25 I-3 2 5,715,510 67 5,805 12 58 CP023014, CP023015

T110 I-3 2 5,642,243 67.1 6,811 12 57 CP023012, CP023013
SL2729 I-4 2 5,703,338 67 5,304 12 58 CP022792, CP022793
SL3103 I-4 2 5,618,133 67 5,257 12 58 CP022790, CP022791
SL3300 I-4 2 5,903,911 66.8 5,482 12 58 CP022786, CP022787
SL3730 I-4 2 5,686,064 67 5,348 12 58 CP022784, CP022785
SL3822 I-4 2 5,971,831 66.8 5,558 12 59 CP022780, CP022781
SL3882 I-4 2 6,025,869 66.8 5,594 12 59 CP022778, CP022779

T42 -4 2 5,497,698 67 5,133 12 57 CP022772, CP022773

T60 I-4 2 6,015,554 66.8 5,588 12 59 CP022768, CP022769

T78 I-4 3 6,147,432 66.7 5,807 12 59 CP022765, CP022766,CP022767
T117 I-4 2 5,807,463 66.9 5,378 12 59 CP022755,CP022756

PSI07 V-2 3 5,605,618 66.32 4,810 9 54 FP885906.2, FP885891.2

R. syzygii R24 v 7 5,423,991 65.87 4,865 6 50 EMBL FR854086 — FR854092
BDB R229 v 27 5,158,998 66.44 4,614 8 67 EMBL FR854059 - FR854085
CMR15 I 3 5,590,372 66.79 4,890 12 59 FP885895.1, FP885896.1, FP885893.1
CFBP2957 IIA-2 1 3,417,386 66.44 3,158 9 53 FP885897.1

Po82 11B-2 2 5,430,263 66.67 4,745 9 54 CP002819.1, CP002820.1
IPO1609 11B-2 10 5,318,522 64.85 4,659 6 31 NZ_CDGL000000000.1
GMI1000 I-3 5,810,922 66.98 5,055 12 57 AL646052.1, AL646053.1
FQY_4 I-4 2 5,805,250 66.81 5,068 12 51 CP004012.1, CP004013.1

aStrain T78 had third circular plasmid of 128,742 bp, 156 CDSs, and no rRNA and tRNA. ? Phylotype-biovar. °NCBI genome accession numbers, except R. syzygii R24
and Blood Disease Bacterium (BDB) R229 genome, which were EMBL genome accession numbers.
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FIGURE 1 | Phylogenetic tree prepared using genomes of 25 Korean and 9 reference RSSC strains based on OrthoANI values.
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functional group was the amino acid transport and metabolism
group (E), which contained an average of 367 genes, followed
by the transcription group (K), which contained an average of
330 genes, and the energy production and conversion group (C),
which contained an average of 286 genes. COGs were distributed
differently between the phylotype I and IV strains. The phylotype
I strains had more genes than the phylotype IV strains in
the categories of transcription (K); replication; recombination
and repair (L); intracellular trafficking, secretion, and vesicular
transport (U); carbohydrate transport and metabolism (G); and
secondary metabolite biosynthesis, transport, and catabolism
(Q). The phylotype IV strains had more genes than the phylotype
I strains in the categories of signal transduction mechanisms (T)
and inorganic ion transport and metabolism (P).

Candidate Host-Specific Genes for
Bacterial Virulence

To identify genes responsible for host specificity, comparative
genome analyses were performed by comparing functional genes
among the four pathotypes. Previously, Korean RSSC strains
isolated from samples of potato bacterial wilt were divided into

four different pathotypes based on tests against four solanaceae
plants: potato, tomato, eggplant, and pepper. The classifications
were only pathogenic on potato (P); pathogenic on potato and
tomato (PT); pathogenic on potato, tomato, and eggplant (PTE);
and pathogenic on potato, tomato, eggplant, and pepper (PTEPe)
(Cho et al., 2018).

Using pan-genome analyses of the Korean isolates, we
identified a number of candidate genes expected to contribute
to host specificity (Table 2) and the POGs are listed in
Supplementary Tables S3-S5. A total of 128 genes were only
found in four tomato-non-pathogenic strains. Most of these
genes encoded proteins with hypothetical functions and a few
of the functionally designated genes were related to mobile
elements, such as bacteriophage infection or insertional elements
(Supplementary Table S3). Three genes revealed homology
with a gene encoding the clustered regularly interspaced short
palindromic repeat (CRISPR) proteins, Cas9, Casl, and Cas2
(Supplementary Figure S1A). CRISPR is an adaptive immune
system in prokaryotes that provides protection against mobile
genetic elements (viruses, transposable elements, and conjugative
plasmids). Four genes showed homology with a gene encoding
Mu-like prophage proteins (Supplementary Figure S1B), and
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FIGURE 2 | Multiple genome alignment for 25 Korean RSSC strains produce using Mauve software. The sequences of chromosome (A) and megaplasmid (B) were
aligned. The red and blue boxes represent phylotype IV and |, respectively. Colored lines between genomes represent rearrangements or inversions.

one capsid protein and another Mu-like virus tape-measure
protein were identified by the analyses. In addition, two copies
of insertional element IS476 were also identified in the analyses
(Supplementary Figure S1C). In the tomato-pathogenic group,
these bacteria shared 8 genes. Among them, three genes encoded
components of the type II secretion system (T2SS) and next
one gene encoded RhsB (rearrangement hotspot), which is a
probable deoxyribonuclease (Table 2, Supplementary Figure S2,
and Supplementary Table S3).

Regarding eggplant, seven eggplant-non-pathogenic strains
shared 5 genes (Supplementary Table S4). Four of them
encoded hypothetical proteins and one was similar to a gene
encoding a putative RipA, which is a transcriptional regulator
for type III secretion with a helix-turn-helix DNA binding
motif (Supplementary Figure S3). For eggplant infection, it was
predicted that 7 genes were shared. None of these genes were
similar to genes of known function.

For pepper, the phylotype I strain SL3103 belonged to
the pepper-non-pathogenic group, unlike other phylotype I
strains, all of which were pathogenic on pepper plants. As
a result, we were able to determine the candidate genes
related to organic metabolisms rather than effectors. Twelve

pepper-non-pathogenic strains (eleven phylotype IV and one
phylotype I strains) shared 1 gene, whose function was
unknown, and thirteen pepper-pathogenic strains (all phylotype
I strains) shared 34 genes, including genes involved in
aromatic compound metabolism (Supplementary Figure S4
and Supplementary Table S5). Among them, 12 genes (from
POG_2330_01480 to POG_2330_01491) produced a cluster
related to aromatic compound metabolism (Supplementary
Table S5). This cluster was highly homologous with the dhb gene
cluster from Pseudomonas reinekei MT1: dhbA (67% identity with
POG_2330_01480), dhbB (64% identity with POG_2330_01481),
dhbC (65% identity with POG_2330_01482), dhbD (47%
identity with POG_2330_01483), dhbE (42% identity with
POG_2330_01484), dhbF (60% identity with POG_2330_01485),
dhbG (66% identity with POG_2330_01486), dhbH (83% identity
with POG_2330_01487). This dhb cluster encodes genes that
participate in 2,3-dihyroxybenzoate (2,3-DHB) aromatic ring
degradation via the meta-cleavage pathway (Marin et al., 2012).

T3SS Effectors

Type III secretion systems is deeply involved in pathogenicity
and RSSC carries abundant T3es that are secreted through the
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T3SS (Peeters et al., 2013). Therefore, we predicted the T3es of
the Korean RSSC using the RalstoT3E annotation server and
analyzed effectors related to host range on four Solanaceae plants
(Figure 4). Of a total of 94 T3e repertoires of RSSC, 82 effectors
were identified as full or partial forms and 12 effectors were absent
(Figure 4A). While a total of 30 effectors were present in all
sequenced Korean strains, 8 were present only in phylotype I
and 6 were found only in phylotype IV (Figure 4B). Regarding
the sharing of effectors, it was shared 68 effectors in four I-3
strains, 70 in ten I-4 strains, and 70 in eleven IV-2 strains. In
general, phylotype I strains had more effectors than phylotype
IV strains and the distributions of each effector revealed a more
conserved patterns in phylotype I strains than in phylotype IV
strains. In the case of SL3175 and T98 of phylotype IV, revealed
different distribution pattern compared to the other phylotype
IV strains, which this clustering was consistent with the genomic
phylogenetic tree (Figure 1).

Next, we investigated the presence of effectors related to
host specificity for tomato, eggplant, or pepper plant infections.
Among them, we identified three host-specific effectors: two for
tomato (RipH3 and RipS3) and one for eggplant (RipAC). The
genetic loci of the genes encoding these proteins are depicted in
Figure 5. The gene ripS3 (also known as SKWP3) was present
in all 21 tomato-pathogenic strains, but was absent in the four
tomato-non-pathogenic strains (SL2312, T12, T82, and T101).
The function of RipS3 is unknown; however, it contains the
nucleotidyl transferase (NT) domain of the RelA- and Spo-like

protein (Supplementary Figure S5A). The gene ripH3 (HLK3)
was present as a partial form with a truncated N-terminal or
C-terminal region in the tomato-non-pathogenic strains, whereas
it was present in a complete form in tomato-pathogenic strains.
The ripH3 gene contained a PIP box in the promoter region,
but did not exhibit any known functional domain. In the case of
RipAC (PopC) in strains pathogenic for eggplant, the gene was
different from that of non-pathogenic strains, which had another
type of ripAC (Supplementary Figure S5B). In the ripAC gene, it
was difficult to find DNA sequence similarity between eggplant-
pathogenic and non-pathogenic strains; however, there was 34%
homology in the amino acid sequences, which had 17 LRR motifs
and 10 LRRs in common with each other.

DISCUSSION

Ralstonia solanacearum species complex is a sophisticated
complex of plant pathogens with an unusually broad host range
and wide geographical distribution. We identified genes that
are relevant to host specificity by analyzing whole genomes of
25 Korean RSSC strains isolated from potato bacterial wilt and
performing in silico genome-wide comparison of four different
pathotypes of RSSC strains.

The isolated Korean potato bacterial wilt strains belonged to
phylotypes I or IV, and phylotype I strains showed destructive
pathogenicity, not only on potato, but also on tomato, eggplant,
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TABLE 2 | Specific gene numbers of RSSC strains that are pathogenic and nonpathogenic toward tomato, eggplant, and pepper.

Strains Phylotype-biovar Original Host Pathotype? Specific genes
Tomato Eggplant Pepper
SL2312 V-2 Potato P
T12 V-2 Potato P
T82 V-2 Potato P 128 5 1
T101 V-2 Potato P
SL3022 V-2 Potato PT
SL3175 V-2 Potato PT
T98 V-2 Potato PT
SL2064 V-2 Potato PTE
T V-2 Potato PTE
T51 V-2 Potato PTE
T95 V-2 Potato PTE
SL3103 I-4 Potato PTE
SL2330 -3 Potato PTEPe
SL3755 -3 Potato PTEPe
T25 -3 Potato PTEPe 8 7 34
T110 -3 Potato PTEPe
SL2729 I-4 Potato PTEPe
SL3300 I-4 Potato PTEPe
SL3730 I-4 Potato PTEPe
SL3822 -4 Potato PTEPe
SL3882 I-4 Potato PTEPe
T42 I-4 Potato PTEPe
T60 -4 Potato PTEPe
T78 I-4 Potato PTEPe
T117 I-4 Potato PTEPe

aPathotype: (P) only pathogenic on potato, (PT) pathogenic on potato and tomato, (PTE) pathogenic on potato, tomato, and eggplant, and (PTEPe) pathogenic on

all tested crops — potato, tomato, eggplant, and pepper.

and pepper plants (Cho et al., 2018). Previously, it had been
suggested that phylotype I strains may have evolved from
phylotype IV strains (Wicker et al, 2012; Li et al, 2016).
The genomes of phylotype I strains possess distinctive features
compared to those of the other representative phylotype II (Po82,
IPO1609), III (CMR15), and IV strains (PSI07, R24, and R229):
large genome size, high GC content, and larger numbers of
rRNA and tRNA genes. From these genomic features, we suppose
the possibility that phylotype I strains have accepted foreign
DNA fragments to adapt to various environments resulting in
increased GC content and genome size, and among the imported
fragments, there might be various virulence factors that enable
these strains to infect new hosts.

When we compared the genomes to identify genes responsible
for host specificity, we found specific genes from the tomato
pathogenic strains: two T3es (ripS3 and ripH3), a set of T2SS, and
an adjacent rhsB (Figure 6). The function of RipS3 has not been
reported; however, RipS3 has the nucleotidyl transferase domain
of RelA- and SpoT-like ppGpp synthetases and hydrolases,
and belongs to the PRK09169 superfamily (Supplementary
Figure S5A). The ppGpp works as an alarmone, which integrates

general stress responses, such as starvation, heat shock, and
oxidative stress in bacteria and plants (Van der Biezen et al.,
2000; Braeken et al., 2006; Wang et al., 2016). We speculate that
effector RipS3 is translocated into host plant cells and may disturb
the host stress response mediated by the ppGpp. The other
effector, RipH3, possesses a PIP box but no known functional
motif. The ripH3 gene was partially present in the tomato-
non-pathogenic strains (Figure 5), and this feature is consistent
with a previous report that a triple deletion mutant of ripH1I-
H3 (HLK1-3) was significantly impaired with respect to tomato
infection (Chen et al., 2014).

Type II secretion systems (T2SSs) have been identified
in bacteria belonging to the alpha, beta, gamma, and delta-
proteobacteria, and are encoded by 12 to 16 genes, of which
the core components are named as gsp (general secretory
proteins) (Abby et al., 2016). Substrates of T2SS are recruited
and transported as fully folded and often oligomeric proteins
(Gu et al, 2017). It has been reported that RSSC possessed
three types of T2SS: one is the orthodox system constructed
out of 12 components, and the others are the unorthodox
systems, possessing 7 core genes (Li et al., 2016). In our study,

Frontiers in Microbiology | www.frontiersin.org 172

March 2019 | Volume 10 | Article 506


https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Cho et al.

Pan-Genome of Korean RSSC

A Number of genes
100

g0 |29 34 34 34 34 35 29 29 33 34 34 33 20 2 23 2 23 23 22 23 22 21
60
40 Absent
m Partial
20 m Present
53]
0
v N o b N oA S & A b S S N S &
SO F S PSS &°’°’”\§ S &’\3&\\ PRGNSR NP
QG}’ G}’%" %" Gﬁ\%\’%\’%\’ 9"%"%"%"%\’
Phylotype IV Phylotype I
[l Present
[ Partial
B RipAC RipS3 RipH3 Absent

FIGURE 4 | (A) Graph of predicted effector gene numbers. The colors represent as follows: dark blue, presence of a gene; blue, partial gene; light blue, absence of
a gene. (B) Distribution of the T3e genes in 25 Korean strains and the reference GMI1000 and PSI07 strains. Red boxes represent tomato-non-pathogenic strains

and green box represent eggplant-non-pathogenic strains.

PRRRRRNRNARNARNAAANAAANANAAAAAAAAAAA DA A DWW A WA A WA WA

PSI07
SL2312

HEEE BN EEN ENEEEEE B BN EEEEEEET
PRRRRRRRARARADARARARARARADADADADA T

the tomato-non-pathogenic strains were lacking one set of
unorthodox T2SS and the adjacent rhsB gene (Figure 6). Because
T2SS mutants were impaired in colonization and proliferation
in planta (Kang et al., 1994), this feature appears to relate one
set of the T2SS deficiency with the tomato-non-pathogenic trait.
In addition, the rhsB gene, which was located next to the
T2SS-encoding gene cluster, was also absent in the tomato-non-
pathogenic strains. Rhs protein possesses YD-peptide repeats,
which play a role in the bacterial-eukaryotic host cell interaction,
and it also carries nuclease domain to degrade target cell DNA
(Koskiniemi et al., 2013). In Dickeya dadantii 3937, Rhs protein
worked as a DNase toxin to inhibit neighboring cell growth in
a contact-dependent manner, and its translocation to host cells
provided evidence that Rhs may be exported through a type VI
secretion system (T6SS) (Koskiniemi et al., 2013). Although it is
a distinctive genetic feature of tomato-pathogenic strains, further
experiments are required to define the mechanisms of T2SS and
RhsB in tomato infection.

Our pan-genome analyses to identify host-specific genes for
bacterial virulence revealed that a number of genes encoding
hypothetical protein with unknown function and mobile element
or phage-related genes are present in four pathotypes of Korean

RSSC (Supplementary Tables S3-S5). Functional studies of each
gene identified by in silico analysis should be performed to
define their involvement in bacterial virulence in a host-specific
infection and virulence. It would be also interesting to investigate
if mobile element or prophages can contribute to host specific
virulence of each pathotypes by disrupting certain avirulence- or
virulence-related function of RSSC strains.

In analyses using the RalstoT3E prediction system, we
identified the RipAC for eggplant-specific effector. RipAC was
previously called as PopC and has LRR motifs, which are expected
to interact with some host proteins (Peeters et al., 2013). The
popC (ripAC) gene constitutes an operon with popA (ripX) and
popB (ripAB) expressed by a promoter containing a PIP box
(Guéneron et al., 2000). This popABC operon was located next
to the hrp gene cluster, and the encoded PopA (harpin), PopB
(NLS motif), and PopC (LRR motifs) proteins were secreted by
T3SS. In the RalstoT3E database, the names of these effectors
were assigned as RipX (PopA), RipAB (PopB), and RipAC (PopC)
(Peeters et al., 2013). Interestingly, the RNA expressions of
these genes were upregulated in tomato plants (Ailloud et al.,
2016), but Tn5-B20-inserted mutants of these genes were still
pathogenic on tomato (Marenda et al., 1998). In general, the
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FIGURE 5 | Genetic regions of RipS3 (A), RipH3 (B), and RipAC (C). *non-pathogenic strains for tomato. **non-pathogenic strains for eggplant.

A
- p\\rL %S? %sp‘%spj %59\4 gSPL gS?M céspN gSPD gSVE gSPF
) ) T [— ") S—") ———) | —— R S—)
] o s — —m — i — — —
W \é\‘\‘ée“c
g\%\ ¥ a0 o°
e o B
B g0 gf P gs?? St
1\ - 2 Eaama» | | [ 4
| [ D, D, B, R, B B, S, R, Y
C
LT e - e :
H 1
i | —— !
8 oo oo oG L
[ < | Epm—m— = -
s gl ¥ g P Qg‘“‘ég“\‘%“ﬁ o
1kb o

FIGURE 6 | Genetic organization of three T2SS gene clusters in phylotype IV and | strains of RSSC (A) orthodox T2SS cluster, (B) and (C) unorthodox T2SS cluster.
IV, phylotype IV; I, phylotype I. The T2SS gene cluster in the red box did not exist in the strains of tomato non-pathogens (SL2312, T12, T82, and T101).

Korean RSSC strains carried the similar gene organization with
previously reported RSSC strains for popABC operon driven by
a promoter with a PIP box and adjacent hrp cluster. However,
while popA (ripX) and popB (ripAB) were present in all strains,
popC (ripAC) was not; the popC gene of most strains encoded
a protein with 17 LRR motifs, like that of the GMI1000 strain,

but 7 eggplant-non-pathogenic strains carried a smaller popC
gene encoding 10 LRR motifs, like that of R24 and BDB 225
(Supplementary Figure S5B). These results suggest that popC
(ripAC) may be involved in eggplant-infection of RSSC.

The dhb gene cluster homologs were identified as
pepper-specific candidate virulence genes. The metabolite
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2,3-dihydroxybenzoate (DHB) works as an isochorismate-
derived secondary metabolite in plants (Bartsch et al., 2010),
or a key intermediate of several siderophores: enterobactin
(Salmonella enterica and Escherichia coli), anguibactin, and
vanchrobacin (Vibrio anguillarum) (Raymond et al., 2003; Li and
Ma, 2017). Siderophores are low molecular weight iron-chelating
molecules that facilitates iron uptake in many gram-negative
bacteria. Iron uptake systems are critical for the function of some
pathogens to infect host plants to lead to disease (Wolf and
Crosa, 1986). In the pepper-non-pathogenic RSSC strains, the
dhb gene cluster homologs and other related genes were absent.
This deficiency appeared to affect the ability of the bacteria
to infect pepper.

A previous study identified a pepper-specific avirulence gene
rsal, which confers avirulence to a pepper-pathogenic strain,
from a potato pathogenic SL2029 (Jeong et al.,, 2011). In our
study, this rsal gene was present in the genome of all pepper non-
pathogenic phylotype IV strains of Korean RSSC as expected.
However, the rsal gene was not identified as a host-specific
avirulence gene in comparative analysis. This was because one
of phylotype I strains, SL3103, does not carry rsal gene in its
genome while this strain was pepper non-pathogenic unlike to
other phylotype I strains. It is likely that the strain SL3103 is
pepper non-pathogenic due to the absence of dhb gene cluster
(Supplementary Figure S4 and Supplementary Table S5), while
other phylotype I strains carry dhb gene cluster.

Our extensive comparative genomic analyses uncovered
several genes associated with the pathogenicity of RSSC on
different crops. It is likely that the host-specificity of RSSC will
be a function of the comprehensive actions of various virulence
factors, effectors, secretion systems, and metabolic enzymes.
Although further biological functions of these genes should be
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Plants are capable of perceiving microorganisms by coordinating processes to establish
different forms of plant-microbe relationships. Plant colonization is governed in fungal
and bacterial systems by secreted effector molecules, suppressing plant defense
responses and modulating plant physiology to promote either virulence or compatibility.
Proteins, secondary metabolites, and small RNAs have been described as effector
molecules that use different mechanisms to establish the interaction. Effector molecules
have been studied in more detail due to their involvement in harmful interactions, leading
to a negative impact on agriculture. Recently, research groups have started to study the
effectors in symbiotic interactions. Interestingly, most symbiotic effectors are members
of the same families present in phytopathogens. Nevertheless, the quantity and ratio of
secreted effectors depends on the microorganism and the host, suggesting a complex
mechanism of recognition between the plant and their associated microorganisms.
Fungi belonging to Trichoderma genus interact with plants by inducing their defense
system and promoting plant growth. Research suggests that some of these effects
are associated with effector molecules that Trichoderma delivers during the association
with the plant. In this review, we will focus on the main findings concerning the effector
molecules reported in Trichoderma spp. and their role during the interaction with plants,
mainly in the molecular dialogue that takes place between them.

Keywords: Trichoderma, effector molecules, plant-microbe interactions, secondary metabolites, effector
proteins, small RNA

INTRODUCTION

One of the main challenges that agriculture production encounters today is to supply the demands
of quality and quantity for the producer and consumer without affecting the environment. Various
pathogenic agents attack the crops, among which filamentous fungi are the most destructive,
causing important economic losses (Singh, 2014). To implement strategies to control plant diseases,
it is necessary to understand the pathogenic process, determining how these fungi are established in
plants and how they generate tissue damage and bypass plant defenses. In this sense, one of the main
events currently under scrutiny corresponds to the early stages of the pathogen—plant interaction.
Now it is known that successful pathogens deliver a wide range of molecules to the plant, which
allows them to overcome the obstacles presented by the plant, regarding perception, signaling,
or active defense response (Di et al., 2016; Shen et al., 2018). Also, there is ambiguity about the
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classification of the molecules released by the pathogens,
depending on the degree of response generated by the plant
immune system and their impact on the pathogenic process
(Thomma et al, 2011). Initially, the gene-for-gene model
proposed that the interaction of an avirulent protein (Avr)
from the pathogen with a plant counterpart, a resistant plant
protein (R), triggers the plant defense response, avoiding
disease progression. However, it has been determined that this
interaction could also lead to the pathogenic processes, so it
was redefined that avirulence factors can also be virulence
factors (Flor, 1942; Bent and Mackey, 2007; Boller and Felix,
2009). For these pathogen-derived molecules, the term “effector”
was proposed, defined as any given molecule that can alter
the physiology, structure or function of another organism,
facilitating the infection and/or triggering defense responses
(Kamoun, 2006). This definition does not imply a positive or
negative impact on the outcome of the host-pathogen interaction
and therefore, can be applied to non-pathogenic interactions as
well (Thomma et al., 2011).

In the plant-pathogen interaction, the participation of
elicitors has also been reported, and those are described as
a diverse group of molecules that induce plant defense in a
weak and non-specific fashion and independent of races or
cultivars (Alba et al., 2011). Additionally, it has been proposed
that the participation of highly conserved pathogen-derived
molecules, with essential functions in the pathogens, for example
chitin and flagellin, are needed for the establishment of the
interaction with the host. Overall, these molecules are termed
Pathogen-Associated Molecular Patterns (PAMPs) and, since
they have been described in non-pathogenic microorganisms, the
more general concept of Microorganism-Associated Molecular
Patterns (MAMPs) is also used (Jones and Dangl, 2006). Because
of the wide distribution showed by elicitors, as well as their
functional features, it was recently proposed to refer to them
as PAMPs/MAMPs. In some cases, the distinction between
PAMPs/MAMPs and effectors is not sufficiently defined, which
is mainly related to the fact that PAMPs/MAMPs are highly
conserved among genera, while effectors tend to be related
to a single or few related species. However, new studies have
uncovered that certain molecules classified as effectors are
also widely distributed among several species (Thomma et al,
2011; Pazzagli et al, 2014). The debate about the functional
classification of the molecules released by microorganisms
remains open, and new evidence is necessary to clearly classify
them and assign distinctive features for them. In order to
avoid conceptual confusion, in this review, we will refer
to effectors as those non-structural molecules derived from
microorganisms that have a function modulating the plant
defense pathways and/or participating in the establishment of
associations with plants.

Plant defense response is based on the perception of
PAMPs/MAMPs inducing primary PAMP- or MAMP-immunity
(PTI/MTI), to counteract invading microorganisms (Jones and
Dangl, 2006). The ‘effector-triggered immunity’ (ETI) is a
second layer of defense, providing systemic resistance by sensing
effectors from microorganisms to activate the induced systemic
resistance (ISR), mediated by jasmonic acid (JA) and ethylene

(ET). In this layer of defense, PDFI.2 (Plant defensin 1.2),
Thi2.1 (Thionin) or Chib (Chitinase B) are commonly used
as marker genes (Van Loon et al,, 2006). Also, the systemic
acquired resistance (SAR), regulated by salicylic acid (SA),
leads to the expression of Pathogenesis-Related genes (PR)
(Bari and Jones, 2009). Pathogens suppress the PTI producing
a wide number of effectors with different functions, such as
the prevention of the plant recognition or in the formation of
infective structures (Kulkarni et al., 2005; de Jonge et al., 2010).

Traditionally, agriculture techniques to counteract
phytopathogens involve the use of chemical formulations
that have secondary effects such as toxicity and soil pollution.
Safer agricultural strategies imply the use of biocontrol agents,
displacing and eliminating phytopathogens. Among these agents,
fungi classified in the Trichoderma genus are predominant. The
antagonistic capacity of Trichoderma has been widely studied,
and the mechanisms associated with it include competition
for space and nutrients against its adversaries, antibiosis and
mycoparasitism (Mukherjee et al., 2013).

Some Trichoderma species can effectively colonize plant roots
and shoots and establish a molecular dialogue, having a positive
effect in plants (Macias-Rodriguez et al., 2018; Manganiello et al.,
2018). Mostafa and Gayed (1952) made the first observations in
this regard, reporting that Trichoderma improves fresh and dry
weight in cotton plants. More than 20 years later, Catska et al.
(1975) reported that exudates from lettuce have a beneficial effect
in conidia germination of Trichoderma viride, indicating that the
fungus and plants obtain mutual benefits.

Moreover, an increasing amount of reports demonstrate
that Trichoderma is an important plant endophyte that can
interact with plants such as maize, cucumber, cotton, tomato,
and Arabidopsis thaliana (Contreras-Cornejo et al, 2009;
Vishnevetsky et al., 2010; Lopes et al., 2012; Mastouri et al,
2012; Reithner et al.,, 2014; Zhang et al., 2014; Lamdan et al,,
2015). Trichoderma penetrates the first or second layers of cells
of the epidermis in the root tissue or even colonizes intracellular
spaces and grows between the plasma membrane and the plant
cell wall (Yedidia et al, 1999; Nogueira-Lopez et al.,, 2018).
Colonization by Trichoderma promotes plant growth, biomass
gaining, higher seed germination, increased plant height, root
development, shoot dry mass and leaf number, increased crop
yield and improved plant vigor (Harman et al, 2004; Salas-
Marina et al,, 2015; Chagas et al, 2017). One of the most
evident morphologic changes in plants triggered by Trichoderma
is the increase of lateral roots, thus modifying root architecture.
In this process, previous observations have demonstrated the
participation of auxins (Contreras-Cornejo et al., 2009) as well
as a cross-talk between ET and auxins through the signaling
pathways mediated by MAP-kinases (Contreras-Cornejo et al.,
2015). Also, the presence of Trichoderma not only modulates the
levels of the hormones produced by the plant but Trichoderma
itself can contribute with its own hormones or could provide
intermediates for the synthesis of some phytohormones, as a part
of the benefits reported in the Trichoderma—plant interaction
(Guzman-Guzman et al., 2019).

Recent research has confirmed that these fungi activate plant
defense pathways. However, how Trichoderma modulates the
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plant immune response to establish a beneficial interaction is one
of the main challenges to be addressed. In the establishment of
the beneficial association between Trichoderma and plants, the
effectors may play key roles, as demonstrated in mycorrhizal
systems such as Laccaria bicolor and Glomus intraradices
(Kloppholz et al., 2011; Plett et al., 2011).

Here, we will focus on the filamentous fungi Trichoderma spp.
and the efforts of the scientific community has done to identify
their effector molecules, as well as their role in the establishment
of a beneficial relationship with plants that promote growth and
immune response activation.

PLANT DEFENSE RESPONSE AND ITS
ACTIVATION BY Trichoderma

One of the first observations related with the Trichoderma-
induced ISR in plants was the induction of the hypersensitive
response (HR) and synthesis of phytoalexins in grapevine cell
cultures after the application of a cellulase from T. viride
(Calderén et al., 1994). Trichoderma harzianum also increases
the resistance of Phaseolus vulgaris against Botrytis cinerea
and Colletotrichum lindemuthianum (Bigirimana et al., 1997).
Arabidopsis mutants, impaired in JA biosynthesis, showed
a similar level of root colonization to wild-type plants
(Martinez-Medina et al., 2017). The opposite effect was observed
when impaired plants in the SA synthesis were analyzed.
These plants were unable to restrict the colonization by the
fungus, indicating that SA-mediated response is implicated
in the regulation of the Trichoderma-plant colonization, thus
preventing vascular system invasion (Alonso-Ramirez et al.,
2014). These two results suggested that ISR does not play a
relevant role during Trichoderma plant colonization, while SAR
pathway modulates the root colonization extend.

Moreover, other studies indicate that ISR induced by
Trichoderma asperellum in cucumber was associated with
an increase in chitinase and peroxidase activity, as well as
the modulation of genes that are implicated in the JA/ET
signaling pathways (Yedidia et al., 2000; Yedidia et al.,, 2003;
Shoresh et al., 2005).

Trichoderma can also induce SAR defense even when ISR
defense is activated and they can improve the plant resistance
against phytopathogens, such as Sclerotinia sclerotiorum, where
the effect of Trichoderma strains correlates with the production
of cell-wall degrading enzymes by the plant (Contreras-Cornejo
et al., 2011; Salas-Marina et al., 2011; Lopes et al., 2012). In
pepper, Trichoderma stilbohypoxyli, Trichoderma Caribbaeum,
and Trichoderma theobromicola altered the expression of the
genes involved in the hypersensitive response and sesquiterpene
phytoalexins biosynthesis (Bae et al., 2010). In a tripartite system,
involving pathogenic nematodes, T. harzianum T-79 and tomato
plants, the presence of T-79 differentially primes the responses
related to SA and JA in the plant. T-79 initially primes the
SA pathway leading to a faster defense response, protecting the
plant from the invasion. Later, the nematode suppresses the JA-
mediated defense pathway, but T-79 initiates its priming activity
on this pathway, antagonizing the pathogen and reducing its

development and reproduction. Finally, when the infection by
nematodes has already been established, T-79 intensely activates
the SA pathway, increasing the defense against subsequent attacks
by juvenile nematodes. These results show that the effects of T-
79 over the plants are a dynamic phenomenon, which can be
adapted to signals from other organisms in the near environment
(Martinez-Medina et al., 2016).

PROTEINS AS EFFECTORS IN
Trichoderma-PLANT INTERACTIONS

Proteins were the first molecules proposed as effectors and
have been widely studied in pathogenic systems. There is
not much information about Trichoderma effector proteins,
less than 20 effectors have been experimentally analyzed
during the interaction with plant systems (Table 1), among
them the following:

Cerato-Platanins

These are non-catalytic secreted proteins, which contribute
to virulence in pathogens, acting as expansin-like
proteins weakening cellulose aggregates from the cell wall
(Baccelli et al., 2013). The Small Proteins (Sm) Sm1/2/3 from
Trichoderma virens and their orthologs in Trichoderma
atroviride Eliciting plant-response (Epl) Epl1/2/3 are produced
in the association with plants, playing different roles. Transcripts
and proteins corresponding to Sm1/Epl1 are detected as the most
abundant in cultures supplemented with glucose or during the
interaction with tomato or maize plants (Djonovic et al., 2006;
Seidl et al,, 2006; Gaderer et al., 2015). In maize, only the
monomeric form of Sm1 or Epll proteins can induce the plant
defense response and the dimeric form blocks the activation of
ISR. When T. virens and T. atroviride strains were cultured in
the presence of maize seedlings, Sm1 and Epll were produced
as a glycosylated monomer and as a non-glycosylated dimer,
respectively. These results suggest that the signals released by the
plant influence the state of glycosylation and multimerization
of Sm1/Epll proteins that may control the Trichoderma-plant
molecular dialogue (Vargas et al., 2008). However, Sm2/Epl2
proteins are quantitatively fewer present that Sm1/Epll during
the interaction with maize, there is evidence showing that Sm2
and Epl2 are more relevant in the activation of defense and root
colonization in maize. The mechanism employed by Sm2/Epl2
to induce plant defense is unknown, but a strong reduction
of the protection level of maize seedlings against Cochliobolus
heterostrophus was observed when plants were treated with the
sm2/epl2 knockout strains in contrast with sm1i/epll knockout
strains (Crutcher et al., 2015; Gaderer et al., 2015).

Hydrophobins

These are small surface-active proteins, which are only found
in fungi. The genomes from T. virens and T. atroviride contain
17 sequences encoding for hydrophobins (Kubicek et al., 2011),
and the upregulation of some of them has been reported
during Trichoderma-plant interactions. The expression of the
hydrophobin-encoding gene HFB2-6 was down-regulated in the
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TABLE 1 | Protein effectors from Trichoderma functionally validated during the interaction with plants.

Family Protein Trichoderma Function in interaction with plants References
strain
Cerato-platanins Sm1 (small protein 1) T. virens Induction of defense-related genes, production Djonovic et al., 2006,
of ROS and phenolic compounds. Djonovic et al., 2007;
Salas-Marina et al., 2015
Sm2 (small protein 2) T. virens Involved in root colonization and plant Crutcher et al., 2015
protection.
Epl1 (eliciting plant T. atroviride Induction of defense-related genes. Salas-Marina et al., 2015
response-like)
T. harzianum Induction of defense-related genes. Gomes et al., 2015
T. formosa Triggered of plant immune system. Cheng et al., 2018

T. asperellum

Swollenin (expansin-like protein)  T. asperellum

Glycoside-hydrolases ~ Thph1 and Thph2 (cellulase-like  T. harzianum
protein)
Cellulases T. longibrachiatum
ThPG1 T. harzianum
Eix (xylanase) T. viride
Hydrophobins HYTLO1 T. longibrachiatum
TVHYDII T. virens
HBF2-6 T. asperellum
TasHyd1 T. asperellum

Yuetal., 2018
Brotman et al., 2008

Induction of defense-related genes.

Involved in root colonization and induction of
plant defense.

Induction of defense-related genes. Saravanakumar et al., 2016

Martinez et al., 2001
Moran-Diez et al., 2009
Rotblat et al., 2002

Activation of plant defense pathways.
Involved on colonization of plant roots.
Triggers ET biosynthesis and hypersensitive
response.

Ruocco et al., 2015;
Moscatiello et al., 2018
Guzman-Guzman et al., 2017
Huang et al., 2015

Activate defense-related responses and growth
promotion.

Involved in colonization of plant roots.

Involved in root colonization and induction of JA
and SA pathways.

Involved in root colonization. Viterbo and Chet, 2010

The effectors are divided by families, we indicate the strain from Trichoderma that produce the protein effector and their function in plants.

presence of 1% poplar leaves powder, whilst the gene upregulated
under 1% poplar root powder, suggesting that HFB2-6 has
a function in root colonization. Moreover, the recombinant
hydrophobin purified from E. coli activated the JA and SA
signal transduction pathways when used on poplar seedling.
Also, the upregulation of two genes related to auxin signaling
was observed. Therefore, this protein seems to be involved in
the promotion of growth and defense of poplar plants (Huang
et al, 2015). TVHYDIIL, from T. virens, participates in the
colonization of tomato roots; this was demonstrated by using
null and overexpressing tvhydiil strains (Guzman-Guzman et al.,
2017). Likewise, the TasHydl from T. asperellum participates
in the colonization of cucumber plants (Viterbo and Chet,
2010). The purified hydrophobin HYTLO1 from Trichoderma
longibrachiatum activates the defense response and promotes
plant growth. Moreover, knockout strains significantly decreased
their antagonistic activity and their capability to promote plant
growth (Ruocco et al,, 2015). Therefore, HYTLO1 has a dual role
in the process of interaction with plants.

Glycoside-Hydrolases

This is a wider group of proteins with enzymatic activity that are
secreted by Trichoderma; some of them have been characterized
and implicated in the Trichoderma-plant interaction. The
xylanase Eix (ethylene induced xylanase) from T. viride triggers
ET biosynthesis and the hypersensitive response in tobacco
plants, highlighting that the elicitation of ET biosynthesis is
not related with Eix enzymatic activity (Sharon et al., 1993;

Rotblat et al., 2002). The cellulases, Thphl and Thph2 from
T. harzianum, were applied on maize leaves and this treatment
led to the transient elevation of free cytosolic calcium and the
production of reactive oxygen species (ROS). The AThphl- or
AThph2 null mutants were not able to upregulate the expression
of genes related to the jasmonate/ET signaling pathway in
maize. By using the yeast two-hybrid system, Thphl and Thph2
can bind to the autophagocytosis associated protein (ZmATG3)
and germin-like protein (ZmGL) of the plant, respectively. The
identification of this molecular interaction opens the possibility
to analyze the cellular localization of these targets as well as their
participation in the ISR (Saravanakumar et al., 2016, 2018).

CFEM and Small Secreted Cysteine-Rich
Proteins (SSCPs)

In Trichoderma spp., one of the most abundant groups of
secreted proteins corresponds to small proteins containing four
or more cysteine residues. The SSCPs could be grouped into
protein families with functions such as hydrophobins, some
glycosyl hydrolases, cerato-platanins, CFEM proteins (Common
in several Fungal Extracellular Membrane) as well as proteins
with unknown function (Druzhinina et al., 2012).

Lamdan et al. (2015) reported a secretome analysis from
the interaction between T. virens and maize, detecting 13
SSCPs negatively regulated by the presence of the roots. Plant
inoculation with independent knockouts strains, for four of these
genes encoding the SSCPs (ID 92810, ID 71692, ID 111486, and
ID 77560), showed an improvement in ISR activity compared
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with the wild-type strain, without affecting root colonization.
SSCPs could act as negative effectors reducing the defense levels
in the plant and may be important for the fine-tuning of ISR by
Trichoderma. Bioinformatic predictions indicated the abundant
presence of SSCPs in T. atroviride and T. virens genomes,
some of them containing CFEM domains, which are present
in cell surface proteins with important roles in the interaction
with other organisms (Pérez et al, 2011; Druzhinina et al,
2012). Possibly, but not in all cases, CFEM proteins participate
as negative regulators of plant defense. In the bioinformatic
analysis reported by Guzmdan-Guzman et al. (2017), there are
32 sequences grouped as CFEM; among them the tacfeml gene,
which was upregulated when the fungus was co-cultivated with
A. thaliana, suggesting a possible role during the establishment
of the interaction. Also, in T. virens, the SSCP gene ID 19757 was
upregulated in the interaction with both maize and tomato, while
the ID 17705 gene was upregulated only by the presence of maize
plants, rendering it a promising candidate for further analysis
during the T. virens-maize interaction (Moran-Diez et al., 2015).

Hunting for New Trichoderma Protein

Effectors

One of the main strategies to identify effector proteins is to
analyze their upregulation in the presence of plants (Djonovic
et al, 2006; Plett et al, 2011; Guzman-Guzméan et al,
2017). Trichoderma transcriptome and secretome analyses under
different culture conditions led to describe that cellulases,
small proteins, and cytochrome p450, among others, are highly
represented (Lamdan et al., 2015; Morén-Diez et al., 2015; Rocha
et al., 2016). Recently, a catalog of 233 putative effector proteins
was reported from T. virens, T. atroviride, and Trichoderma reesei,
identified and grouped in 18 families. The expression pattern
of some of these genes was analyzed during the Trichoderma-
Arabidopsis interaction, observing the upregulation of genes
grouped in LysM proteins, Serine-proteases, Thioredoxins,
Hydrophobins, CFEM, and Cerato-platanin families. Down-
regulation was also observed, as in the case of the Tvmpl gene,
encoding for a Metalloprotease (Guzmdan-Guzman et al., 2017),
and for the Tvcyt2 gene, which encodes a p450-cytochrome
(Ramirez-Valdespino et al., 2018). However, more than 200
sequences from this in silico analysis were not studied further and
their possible function during Trichoderma-plants interaction
remains unknown.

The LysM effectors play relevant roles in the establishment
of pathogenic interactions: they protect the fungal mycelium
by either covering the surface of the hypha, thereby interfering
with the enzymatic activity of the plant delivered chitinases
or hijacking fungal cell wall derived chitin fragments, thereby
avoiding the stimulation of the immune response (de Jonge
et al, 2010; Kombrink et al, 2017). LysM encoding genes
are present in Trichoderma genomes, but they are not
characterized as well (Mendoza-Mendoza et al, 2018). In
the catalog of putative effector proteins, there are 15 LysM
encoding genes, six belonging to T. atroviride and nine to
T. virens. Additionally, the tvlysml gene was upregulated in co-
culture of T. virens with Arabidopsis, suggesting a role during
Trichoderma interaction with the plant (Guzman-Guzman et al.,

2017). Additionally, the Tal6 protein from T. atroviride, was
reported as an inhibitor of conidia germination (Seidl et al.,
2013); however, their direct participation with plants has not
been determined.

The differences in the experimental design in each case,
where Trichoderma-Plant transcriptome/secretome are analyzed,
makes it difficult to compare among all data sets to determine
the functional relevance of these genes. In the case of T. virens,
two secretomes obtained from hydroponic cultures, were
analyzed looking for proteins differentially expressed during their
interaction with maize seedlings. One of them analyzed the
soluble proteins, while the other focused only on the proteins
found in the plant apoplast. The main differences between both
studies are related to the culture medium used and the time length
of interaction. Lamdan et al. (2015) obtained the secretome
from hydroponic cultures in sucrose-supplemented MS media
after 96 h of interaction, a total of 280 soluble proteins were
detected, of which 86% (241 proteins) contained a predicted
signal peptide, identifying members of glycoside hydrolases
(GH), LysM proteins, CFEM, lipases, and SSCPs, including Sm1
as the most abundant protein. From all secreted proteins, 66
were identified as differentially expressed, 32 were increased,
while the remaining 34 showed a decrease when maize seedlings
were present. Nogueira-Lopez et al. (2018) reported 43 secreted
proteins, obtained from apoplastic space of maize roots cultured
in Hoagland’s solution after 60 h of interaction with T. virens, and
using a filtered-pipeline, nine of them were classified as putative
effector proteins. Both secretomes share 13 putative candidates,
being the GH group; the most representative proteins with five
protein family members (Supplementary Table S1). The low
number of common sequences could be due to the filtered-
pipeline used in each study or due to the differences in growth
conditions and sample collection times; without leaving aside the
possibility that the roots could retain some proteins limiting their
detection in the media (Lamdan et al., 2015).

The comparison between each secretome with the proposed
T. virens effectors from the in silico analysis showed differences
related to the number of effector candidates, which is expected
given that the predicted secretome includes all sequences with the
potential of being effectors.

Considering the full list of the apoplastic secretome (43
proteins), the proteins found with differential expression in
the complete soluble secretome (66 proteins) and the effector
candidates from the in silico prediction (84 proteins), we only
found the CFEM member (ID 92810) and the GH member (ID
42143) in the three research works, while 22 common sequences
were found between the soluble secretome (Lamdan et al., 2015)
with the predicted effectors (Guzman-Guzmaén et al., 2017).
Whereas, five sequences from the in silico analysis are present
among the apoplastic secretome proteins, but they were not
considered as effectors.

The differences observed among the experimental strategies to
identify new protein effectors in the association of Trichoderma
with plants suggests that there is still no consensus to consider
products with the potential to participate as effectors, which
represents a relevant topic to analyze further. The in silico analysis
can be less precise when identifying effector molecules, but
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they provide a wide range of candidates to determine biological
functions and the best way to know the function of a putative
effector is to perform a wide and specialized characterization.
Understanding and identifying the effector proteins will provide
tools to deepen our understanding on how plant-beneficial fungi
interaction is established and which could be the differences
between a beneficial and a pathogenic system.

SECONDARY METABOLITES AS
EFFECTORS IN Trichoderma-PLANT
INTERACTIONS

One of the main characteristics of fungi is the production of a
huge diversity of secondary metabolites (SMs); compounds with
potential application in food, pharmaceutical and agricultural
industries (Brakhage, 2013). It is generally assumed that SMs
are not essential for growth and development in fungi but play
important functions in the sensing, signaling and counteracting
processes for the organisms present in their environment
(Macheleidt et al., 2016). SMs comprise compounds of low
molecular weight, diffusible in the culture medium or volatile,
which are synthesized through a great variety of pathways
(Brakhage, 2013). The synthesis of SMs is usually different
between strains, and is influenced by growth conditions (Yu
and Keller, 2005). At the molecular level, this environmental
influence is related to the availability of regulatory elements.
In T. reesei, the SOR cluster contains two genes encoding for
transcription factors involved in biosynthesis of sorbecillinoids,
a group of yellow pigments with antimicrobial activities. YPR2,
one of those transcription factors, carries out its major function
in constant darkness and in the presence of cellulose as a carbon
source. The function of YPR is positively related to the levels of
alamethicin and to the production of orsellinic acid in darkness
(Hitzenhammer et al., 2019). In T. atroviride and T. virens, it has
been shown that heterotrimeric G proteins, mitogen-activated
protein kinases (MAPK) and transcription factors are involved
in the signaling pathway leading to SMs synthesis, which also
respond to environmental conditions as a type of nutrients,
pH, light or temperature (Reithner et al., 2005; Mukherjee
and Kenerley, 2010). Antibiotic activity has been reported for
SMs produced by Trichoderma species against various yeast,
filamentous fungi and bacteria, causing growth inhibition or cell
death. These SMs, acting synergistically with hydrolytic enzymes,
are more likely to be implicated in the effectiveness of the strain
producing them as a biological control agent (Reino et al., 2008).

Although the metabolites produced by plants could also affect
the association with microorganisms, either by favoring it or by
restricting it, in this section we will focus on those SMs produced
by Trichoderma species that have shown impact in their capacity
as plant symbionts.

Lactones

These are generally very pleasant, potent, flavor materials, which
are widely distributed in nature (Kapfer et al., 1989). The best-
known SM for Trichoderma species is 6-pentyl-2H-pyran-2-
one (6-PP), derived from linoleic acid and the pathway of its

formation has been elucidated by metabolization of [U-14C]
and of [1-14C] linoleic acid in T. harzianum (Serrano-Carreon
etal.,, 1993). In plants, 6-PP interferes with the signaling pathway
involving auxins and ET, promotes plant growth, and regulates
root architecture by inhibiting the growth of the primary root
and inducing the formation of lateral shoots, by modulating
the expression of genes encoding for auxin transporters. The
modification related to the lateral shoots is mediated by the
TIR1, AFB2, and AFB3 receptors and the ARF7 and ARFI9
transcription factors, while the sensitization in the main root
is mediated by EIN2 (Garnica-Vergara et al, 2016). In field,
the application of 6PP (1 wM) or a spore suspension of
T. harzianum T22 (10% spore/liter) in Vitis vinifera, increased
polyphenol content, antioxidant activity and weight in fruits
(Pascale et al., 2017). Cremenolide is a 10-member lactone
isolated from Trichoderma cremeum, that improved the root
length and fresh weight in tomato seedlings, but changes in plant
height were not observed (Vinale et al., 2016).

Peptaibols

These are small linear peptides of non-ribosomal synthesis, which
usually have a high content of 2-amino-isobutyric acid (Aib)
bound to unconventional amino acids, such as ethyl-valine,
isovaline, and hydroxyproline. There are at least 190 compounds
of this type synthesized by Trichoderma species'.

In T. virens, 18-mer peptaibols are produced through the
activity of the Non-Ribosomal Peptide Synthase (NRPS) encoded
by the gene TexI. This kind of peptaibols activates the plant
defense in Cucumis sativus against Pseudomonas syringae.
Cucumber plants growing in contact with T. virens increase
the expression of three genes involved in the synthesis of
phytoalexins, hpl, pall, and prx, which encode for a hydroxy
peroxide lyase, phenylalanine ammonia lyase, and peroxidase,
respectively. The fexI null mutants lose their ability to produce
18-mer peptaibols, leading to a lower expression of hpl, pall,
and prx genes in plants. The use of two synthetic peptaibols
TvBI and TvBII on cucumber seedlings activated systemic
protection against bacteria and induced the expression of hpl,
pall, and prx (Viterbo et al, 2007). Null mutants in pptI
gene, which codes for a 4-phosphopantetheinyl transferase in
T. virens, are affected in the synthesis of 11, 14, and 18-
mer peptaibols, although their capability to colonize roots is
not affected. Furthermore, antibiosis on phytopathogens, as
well as the ability to induce the synthesis of SA and of
camalexin in Arabidopsis plants, is compromised in these strains
(Velazquez-Robledo et al., 2011).

Alamethicin is one of the most studied peptaibols due
to its ability to induce defense responses in plants such as
callose deposition, expression of genes related to plant defense,
production of SMs, and accumulation of phenolic compounds,
that together can improve the vigor of plants and their response
to stressing conditions (Rippa et al., 2010). In A. thaliana,
the presence of alamethicin interferes with the synthesis of
methy farnesoate (MeFA), an SM related to herbivory, by
altering the presence of the miRNA163, which targets genes

'http://peptaibol.cryst.bbk.ac.uk/home.shtml
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encoding methyltransferases relevant in the synthetic pathway
of the MeFA (Ng et al., 2011). It is proposed that alamethicin
increases ion permeability in the cell membrane (Duclohier
and Wrdéblewski, 2001). Trichokonin VI (TK VI) is produced
by T. longibrachiatum SMF2, and it has been shown that this
peptaibol interferes with the GORK channel, a rectifying K+
channel gated outwardly, which alters the root structure by
inhibiting cell division and elongation in the main root. TK VI
increases the auxin content and interrupts its gradient at the tips
of the roots, interfering with the local synthesis and its polar
transport (Shi et al., 2016).

Polyketides

These are one of the most abundant groups of SMs in nature,
which includes macrolides, polyenes, and polyphenols. They have
been studied in detail because the group includes compounds
with an impact on human health such as sterigmatocystin,
aflatoxin B1 and lovastatin. They are produced by polyketide
synthases (PKSs), multi-domain proteins similar to fatty acid
synthases, which condense acetyl coenzyme A or malonyl
coenzyme A units, to form carbon chains of variable length
(Chiang et al., 2010). In Trichoderma arundinaceum, the
production of 4 aspinolides has been reported, in particular,
aspinolide C participates in the induction of genes PRIbI,
PR-P2 involved in the signaling pathway mediated by SA.
During the interaction of T. virens with maize plants, the
expression of the defense-related genes pall and aos (allene
oxide synthase) is increased. This upregulation is related
to SMs produced by T. virens through the activity of the
PKS/NPRS encoded by the Tex 13 gene. Strains affected in
Tex13 retained their ability to increase the expression of the
gene aos in plant, but they could not upregulate the pall gene
(Mukherjee et al., 2012).

Terpenes

These are a highly diverse family of SMs at the structural and
stereochemical level. These molecules are derived from long
polyisoprenoid diphosphates that can be cyclized to generate
single or multiple ring products. The cyclization reactions are
carried out by high-affinity terpene cyclase enzymes, which
generate a single product or by promiscuous enzymes that
can generate up to 52 different products (Christianson, 2008).
Cytochrome p450 enzymes are involved in the reactions
of synthesis and/or modification of terpenes. Recently 477
cytochrome P450s have been identified from seven Trichoderma
species (Chadha et al., 2018). Cytochrome p450 activity is
needed for the synthesis of SMs, which are related to the
mycoparasitic capacity and/or its association with plants. The
enzyme encoded by the G3 gene in Trichoderma hamatum
is activated in response to Sclerotinia and Sclerotium species
(Carpenter et al., 2008). Through the generation of mutant and
overexpressing strains of the Tvcyt2 gene of T. virens, five terpene-
like compounds were identified as involved in the antagonistic
activity against Rhizoctonia solani, in the activation of genes
related to the JA pathway in Arabidopsis plants as well as in
the promotion of growth in Arabidopsis and tomato seedlings
(Ramirez-Valdespino et al., 2018).

Trichothecenes

Trichoderma brevicompactum produces trichodermin through a
pathway involving the activity of p450 enzyme, encoded by Tri5
gene. The overexpressing strains of this gene had a negative
effect in tomato plants, decreasing the root length and plant
size (Malmierca et al., 2015). Harzianum A (HA), isolated from
T. arundinaceum, did not show any effect over growth of tomato
seedlings. However, mutant strains that do not produce HA
were impaired to upregulate the expression of genes involved
in plant defense at the same level. HA could be sensitizing
the plant cell to induce those genes faster and at higher levels
(Malmierca et al., 2012).

Volatile Organic Compounds (VOCs)

The VOCs group includes several small compounds with
different chemical natures, playing relevant roles as essential
signals in interactions among plant roots, microbes, and insects
(Schenkel et al., 2015). The effect by the VOCs produced by
25 different Trichoderma strains on the plants were analyzed
using A. thaliana as a host, in two independent research
works. The general results showed that one of the strains
produced VOCs with a negative impact on plant growth,
10 of the strains did not have any obvious effect on the
plants, while fourteen of them had a positive effect on total
biomass and on chlorophyll content. The analysis of the
VOCs produced by each strain determined the presence of
great diversity of compounds, suggesting the participation of
several mechanisms to generate the final effect on plants
(Lee et al.,, 2016; Nieto-Jacobo et al., 2017). This blend of
compounds present in VOCs makes it difficult to determine
which of the metabolites is responsible for the effects observed
on the plants. Some strategies that could help to define
their biological role are based on genetic manipulation in
order to generate strains affected in key elements of the
VOCs biosynthesis. Trichodiene (TD) is a VOC used as
a substrate by the sesquiterpene synthase Tri5 to produce
the compound Harzianum A (HA) in T. arundinaceum. The
heterologous expression of the gene Tri5 in T. harzianum
led to the production of TD. VOCs released by this Tri5-
transformant and TD itself induced the expression of tomato
defense genes related to SA (Malmierca et al, 2015). In
T. atroviride, the mutation of genes encoding membrane-
bound NADPH oxidases (Nox), leads to the alteration of VOCs
profiles. Loss of function of Noxl or the regulator NoxR,
in the presence of a functional Nox2 enzyme leads to the
production of VOCs with inhibitory effects on plant growth
(Cruz-Magalhaes et al., 2019).

Phytohormones

Phytohormones are important growth regulators with relevant
roles on metabolism and plant defense responses. Several root-
associated microbes are able to produce phytohormones that have
an effect in plants (Egamberdieva et al., 2017). T. virens produces
Indole-3-acetic acid (IAA) and indole-3-acetaldehyde (IAAId),
which promotes plant growth and development in A. thaliana
(Contreras-Cornejo et al., 2009).
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Cytokinins (CKs) are essential molecules that regulate plant
growth and development (Osugi and Sakakibara, 2015). ET is
a volatile hormone that regulates a range of processes, from
seed germination, organ senescence, among others (Bleecker
and Kende, 2000). CKs promote hyphal branching and help
in oxidative stress tolerance in Magnaporthe oryzae (Chanclud
et al., 2016), whilst in mycorrhizal fungi, ET affects spore
germination and growth (Barker and Tagu, 2000). There are
no reports in Trichoderma about CKs or ET production,
though in the genome of T. atroviride, the genes necessary
to synthesize both compounds are present, suggesting that it
could produce these phytohormones, with a potential impact
in the association with plants (Guzmdn-Guzman et al., 2019).
Abscisic acid (ABA) is involved in seed dormancy and
development, abiotic stress response, among other roles in
plants, and there is evidence of its production by several fungi
on which ABA was proposed as a factor promoting plant
colonization (Charpenter et al, 2014; Chanclud and Morel,
2016). There were six genes related to the ABA biosynthesis
pathway identified in T. atroviride. However, no homolog
to bcaba3/ataba3, a gene encoding a key enzyme in last
steps of the biosynthesis of ABA was found, suggesting that
T. virens is unlikely to produce this phytohormone and that
it could only provide an ABA intermediary (Guzman-Guzman
et al., 2019). Additionally, it was proposed that T. virens
and T. atroviride modulate ABA-regulated responses, such
as stomatal aperture and leaf transpiration in A. thaliana
(Contreras-Cornejo et al., 2015).

Factors That Influence the Effect of SMs

on Plants
Three relevant factors related to the positive effect generated
on the plants by SMs are, the dose used of each SM, the
physiological state, as well as the genetic background of the
plants tested (Vinale et al., 2009; Li et al., 2019). The effect
of alamethicin over plants has been tested at high doses such
as 10 and 50 mM. When these are applied to Arabidopsis
seedlings, they generate plant death and this toxicity is related
to cleavage of ribosomal RNA and cellular lysis. The use of
alamethicin at lower doses (5 uM) suggest that a threshold in
the concentration of this SM is required to trigger only plant-
cell permeabilization and induce programed cell death as a
hypersensitive response, showing similarities with the response
elicited by avirulent pathogens or by compounds that mimic
a pathogen attack (Rippa et al, 2007; Rippa et al., 2010).
Koninginins A, B, C, E, and G tested at 10> M, inhibited
growth of etiolated wheat coleoptiles at different rates, varying
between 54 and 65% and up to 100% (Reino et al, 2008).
Treatments of 6-PP over A. thaliana seedlings in doses from
50 to 175 pM increased shoot, root and total plant biomass
while at 200 WM, no increase in biomass was observed. 6-
PP also raised both lateral root number and density in a
dose- dependent manner, showing an inhibition of primary
root growth from 125 pM onwards, without cell damage
(Garnica-Vergara et al., 2016).

The plant genetic background is a determinant in the
response generated by specific strains of Trichoderma. In

maize, the use of T. harzianum T22, one of the most widely
used commercial strains, induced strong positive growth over
eight maize hybrids tested, it had little effect on growth over
eight other hybrids and it even negatively affected growth of
two other maize hybrids (Harman, 2006). While in tomato,
independent symbiotic interactions between T. harzianum T22
or T. atroviride P1 with four Solanum lycopersicum lines
or the wild Solanum habrochaites accession demonstrated
that genetic variability is a determinant in the response
shown by plants related to growth, weight, resistance against
B. cinerea and the expression of genes involved in plant defense
(Tucci et al.,, 2011).

We propose that many SMs can be classified as effectors and
the different Trichoderma-plant systems developed by different
work groups make evident the utility of using them as a
biological model. Metabolomic analysis, involving the study of
the concentrations, structures and interactions of thousands
of SMs represents a useful tool to identify molecules with
potential biotechnological application in the improvement of
plant yield and vigor.

Trichoderma’s SMALL RNAs AS
PUTATIVE EFFECTORS

Thus far, plant analysis has focused on the identification of
proteins involved in the plant immune response. However,
several lines of evidence have shown that plants also use
non-coding RNAs against pathogens (Pumplin and Voinnet,
2013) and symbionts (Pieterse et al, 2014). Small RNAs
(sRNAs) play important roles in plant immune responses
against virus, bacteria, fungi, and oomycetes (Pumplin and
Voinnet, 2013). sRNAs are 20-30 nucleotide long non-coding,
sequence specific regulatory RNA molecules that mediate gene
silencing to regulate physiological and developmental processes
(Chang et al., 2012; Pumplin and Voinnet, 2013). In plants,
sRNAs are processed from double-stranded or single-stranded
RNA with hairpin structures by Dicer-like (DCL) proteins,
which release RNA duplexes. After processing, sRNAs are
loaded into RNA-induced silencing complexes (RISC), which
contains one member of the ARGONAUTE (AGO) protein
family, leading to transcriptional gene silencing by guiding
heterochromatin formation, inhibiting mRNA translation or
inducing mRNA degradation. Several members of the sRNA
biogenesis machinery are involved in plant immunity, including
DCL, AGO, DCL associated proteins and RNA dependent RNA
polymerases (RDRs). Mutants in such genes show defects in
sRNAs accumulation and are impaired in pathogen response
(Seo et al., 2013).

During the last decade, cross-kingdom RNA interference
(RNAi) between host and phytopathogens has demonstrated
its role in the successful colonization of plant tissues by the
phytopathogens or in their avoidance by the plant. For instance,
host-induced gene silencing (HIGS), a technology developed
to protect crops from fungal infections by expressing dsRNA
in planta to silence virulence genes, enhances plant resistance
to Fusarium verticillioides or Blumeria spp. upon infection of
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the host plant (Nowara et al., 2010; Tinoco et al., 2010). HIGS
technology is also effective against Puccinia spp. (Yin et al., 2011,
2014), Fusarium spp. (Koch et al., 2013; Hu et al., 2015) and
S. sclerotiorum (Andrade et al., 2016).

B. cinerea, produces complementary sRNAs against plant
immunity related genes in Arabidopsis and Lycopersicum
esculentum (Weiberg et al., 2013). Upon infection of Arabidopsis
by B. cinerea, the fungal sSRNAs associate with Arabidopsis AGO1
protein, interfering with plant target mRNAs, for example, those
encoding MAPKs. These findings indicate that the fungus hijacks
the host RNAi machinery to silence the host own genes (Weiberg
et al,, 2013; Wang M. et al., 2017). Moreover, Arabidopsis agol-
27 mutants are more resistant to B. cinerea infection, supporting
that the fungus uses the plant RNAi machinery to silence
host genes. Transferred fungal sRNAs into the plant cell are
detected in B. cinerea dcll or dcl2 single mutants, but not
in a dcll/dcl2 double mutant, leading to a diminished fungal
virulence, indicating that the biogenesis of sRNAs is required
for pathogenesis (Weiberg et al, 2013). Transgenic plants
expressing one of these sSRNAs (Bc-siR37) silence Arabidopsis
genes encoding a pectin lyase, a WRKY transcription factor, and
a receptor-like kinase (Wang M. et al., 2017). The causal agent
of wheat stripe rust disease, Puccinia striiformis, silences the
mRNA that encodes for the PR-2 protein, through Pst-milR1, a
miRNA-like sSRNA (Wang B. et al., 2017). In Verticillium dahliae,
it was shown that AGO2 does not play a role in the infection of
Arabidopsis. This pathogen infected Arabidopsis ago2-1 normally,
whereas in agol-27 mutant, the rate of infection was reduced
(Wang et al., 2016).

Successful establishment of the Trichoderma-plant interaction
during early stages of root colonization implies the activation
of cell detoxification and protection mechanisms in the fungi
(Ruocco et al.,, 2009; Estrada-Rivera et al., 2019). Therefore, these
fungi possess effective systems that efficiently scavenge harmful
compounds from the cell. This has been partially shown with
the suppression of phytoalexin and plant genes related to the
defense mechanisms in Lotus japonicus and Arabidopsis during
its interaction with Trichoderma koningii and T. atroviride.
Application of these fungi to plant roots induced a rapid
accumulation of host transcripts that encode key enzymes of
SAR and ISR and those involved in phytoalexin synthesis.
The expression of these genes is transient and decreased to
levels of the control plants. Trichoderma resembles mycorrhizal
fungi in the establishment of symbiotic associations rather than
fungal pathogens (Masunaka et al., 2011; Estrada-Rivera et al.,
2019). Production of sRNAs by filamentous fungi, including
Trichoderma species, has been documented. Although analysis
of mutants in the biogenesis components of sSRNAs in fungi
have shown their role on their biology (Chang et al., 2012;
Carreras-Villasefior et al., 2013), much is yet to be explored
regarding the roles of sRNAs in this kingdom. There is no
direct evidence for the role of beneficial microorganisms sRNAs
on the suppression of plant immunity to establish a symbiotic
relationship. In our group, we sequenced sRNAs libraries during
Arabidopsis-T. atroviride interaction at different interaction
times. Mapping the sSRNAs over the T. atroviride genome revealed
that 37 sRNAs of the fungus matched with genes of the host

plant. Interestingly, target genes encode lytic enzymes, MAPKs
putatively involved in plant immunity, proteins with a domain
of unknown function, disease resistance protein, NBS-LRR
class family proteins, and S-Adenosyl-L-Methionine-dependent
methyltransferases superfamily proteins, among others. This
indicates that T. atroviride could be using sRNAs as effector
molecules, similarly to B. cinerea and V. dahliae, to establish
a symbiotic relationship with Arabidopsis through interfering
mRNAs involved in plant immunity, chromatin modifications
and cell wall degrading enzymes, among others that remain to
be determined. However, more research is needed to unravel
the molecular mechanisms mediated by the fungal sSRNAs that
allows us to better understand the mechanisms that lead to the
establishment of this beneficial association.

CONCLUSION

The consequence in the field of the presence of Trichoderma
on plants can be indirect, for example by exerting antagonistic
activity on potential phytopathogens, by attacking them, and
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FIGURE 1 | Effectors participate during Trichoderma—plant interaction.
Antagonist activity of Trichoderma against phytopathogenic fungi. The release
of molecules from Trichoderma with activity as effectors is highlighted. These
molecules will modulate the plant hormonal balance as well as its defense
response, allowing colonization. The beneficial association will result in the
improvement of plant growth and in the resistance against phytopathogens.
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by colonizing the rhizosphere, so they can avoid the contact
of the pathogen with plant tissue. Direct beneficial effects on
plants by Trichoderma are related to root colonization, although
in many cases it has been shown that direct contact may not
be necessary. Effectors of Trichoderma may play a key role in
the success of colonization of the plant, first by establishing the
initial contact and subsequently maintaining the fungus—plant
interaction (Figure 1). Many of the effectors that have been
identified in Trichoderma, and in other fungal symbionts, have
reported activities described in their pathogenic counterparts.
Therefore, the success of the interaction must not only rely
on molecules playing these functions. The physiological state
of both participants, as well as their threshold of perception
toward the molecular signals exchanged are also important
factors. This regulation does not depend solely on the genetic
background of the fungus, the signals generated by the plant
are also important. The study of effectors in Trichoderma is a
relatively recent topic; however, thanks to technological advances
to detect, identify and quantify molecules (proteins, secondary
metabolites, and RNAs), the scientific community already has
an extensive catalog of effector candidates. In most cases, it
is necessary to carry out biological validation and determine
the spectrum of action of these effectors on different plants
at the level of cultivars, species and even genera. Moreover,
the analysis of the interaction, considering longer times, may
indicate how Trichoderma can change the plant physiology,
during its complete life cycle. Due to the versatility shown by
Trichoderma to associate with a wide variety of plants, it would
be possible to determine the relevance of those candidates in
different plant systems. In this review, we have focused mainly
on the participation of the effectors in the interaction with plants,
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In filamentous fungi, gene silencing through RNA interference (RNAIi) shapes many
biological processes, including pathogenicity. We explored the requirement of key
components of fungal RNAi machineries, including DICER-like 1 and 2 (FgDCL1, FgDCL2),
ARGONAUTE 1 and 2 (FgGAGO1, FgAGQO2), AGO-interacting protein FgQIP (QDE2-
interacting protein), RecQ helicase (FgQDES3), and four RNA-dependent RNA polymerases
(FgRARP1, FgRdRP2, FgRARP3, FgRdRP4), in the ascomycete mycotoxin-producing
fungal pathogen Fusarium graminearum (Fg) for sexual and asexual multiplication,
pathogenicity, and its sensitivity to double-stranded (ds)RNA. We corroborate and extend
earlier findings that conidiation, ascosporogenesis, and Fusarium head blight (FHB)
symptom development require an operable RNAIi machinery. The involvement of RNAI in
conidiation is dependent on environmental conditions as it is detectable only under low
light (<2 umol m=2 s7"). Although both DCLs and AGOs partially share their functions, the
sexual ascosporogenesis is mediated primarily by FgDCL1 and FgAGO2, while FgDCL2
and FgAGO1 contribute to asexual conidia formation and germination. FgDCL1 and
FgAGO?2 also account for pathogenesis as their knockout (KO) results in reduced FHB
development. Apart from KO mutants Adcl2 and Aago 1, mutants Ardrp2, Ardrp3, Ardrp4,
Aqde3, and Aqgip are strongly compromised for conidiation, while KO mutations in all
RdAPRs, QDE3, and QIP strongly affect ascosporogenesis. Analysis of trichothecenes
mycotoxins in wheat kernels showed that the relative amount of deoxynivalenol (DON),
calculated as [DON] per amount of fungal genomic DNA was reduced in all spikes infected
with RNAI mutants, suggesting the possibility that the fungal RNAI pathways affect Fg’s
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DON production. Moreover, silencing of fungal genes by exogenous target gene-specific
double-stranded RNA (dsRNA) (spray-induced gene silencing, SIGS) is dependent on
DCLs, AGOs, and QIP, but not on QDES. Together these data show that in £ graminearum,
different key components of the RNAI machinery are crucial in different steps of fungal
development and pathogenicity.

Keywords: Argonaute, double-stranded RNA, small RNA, Fusarium graminearum, spray-induced gene

silencing, wheat

INTRODUCTION

RNA interference (RNAI) is a conserved mechanism triggered
by double-stranded (ds)RNA that mediates resistance to
exogenous nucleic acids, regulates the expression of protein-
coding genes on the transcriptional and post-transcriptional
level, and preserves genome stability by transposon silencing
(Fire et al., 1998; Mello and Conte, 2004; Hammond, 2005;
Baulcombe, 2013). Many reports have demonstrated that this
natural mechanism for sequence-specific gene silencing also
holds promise for experimental biology and offers practical
applications in functional genomics, therapeutic intervention,
and agriculture (Nowara et al, 2010; Koch and Kogel, 2014;
Cai et al., 2018; Zanini et al., 2018). Core RNAi pathway
components are conserved in eukaryotes, including most parasitic
and beneficial fungi (Cogoni and Macino, 1999; Dang et al,
2011; Carreras-Villasenor et al., 2013; Torres-Martinez and
Ruiz-Vazquez, 2017): DICER-like (DCL) enzymes, which belong
to the RNase III superfamily, generate double-stranded small
interfering (si)RNAs and micro (mi)RNAs (Meng et al., 2017;
Song and Rossi, 2017); ARGONAUTE (AGO) superfamily
proteins bind small RNA duplexes to form an RNA-induced
silencing complex (RISC) for transcriptional and post-
transcriptional gene silencing (PTGS) (Zhang et al, 2015;
Nguyen et al., 2018); and RNA-dependent RNA polymerases
(RdRPs) are involved in the production of double-stranded
RNA (dsRNA) that initiate the silencing mechanism as well
as in the amplification of the silencing signals through the
generation of secondary siRNAs (Calo et al, 2012).

Fungal RNAi pathways contribute to genome protection (Meng
et al., 2017), pathogenicity (Weiberg et al., 2013; Kusch et al,
2018; Zanini et al, 2019), development (Carreras-Villasefior
et al, 2013), and antiviral defense (Segers et al, 2007;
Campo et al,, 2016; Wang et al., 2016a). In Aspergillus flavus
(Bai et al, 2015), Magnaporthe oryzae (Raman et al, 2017),
and Penicillium marneffei (Lau et al., 2013), sSRNAs were shown
to be responsive to environmental stress. In Trichoderma atroviride,

Abbreviations: AGO, ARGONAUTE; CYP51, Cytochrome P450 lanosterol C-14a-
demethylase; DCL, DICER-like l; DON, deoxynivalenol; Fg, Fusarium graminearum;
FHB, Fusarium head blight; HIGS, host-induced gene silencing; hpRNA, hairpin
RNA; MSUD, meiotic silencing by unpaired DNA; NIV, nivalenol; PEG, potato
extract glucose; QDE 2,3, Quelling defective 2,3; QIP, QDE-interacting protein;
RdRp, RNA-dependent RNA polymerase; RISC, RNA-dependent silencing complex;
RNAi, RNA interference; RPA, subunit of replication protein A; siRNA, small
interfering RNA; SN, synthetic nutrient agar; ssDNA, single-stranded DNA; TGW,
thousand grain weight.

both light-dependent asexual reproduction and light-independent
hyphal growth require an operational RNAi machinery (Carreras-
Villasenor et al., 2013). Similarly, in Mucor circinelloides, defects
in the RNAi machinery resulted in various developmental defects
such as dysfunction during sexual and asexual reproduction
(Torres-Martinez and Ruiz-Vazquez, 2017).

Neurospora crassa, a model organism for studying RNAi in
filamentous fungi, has different silencing pathways, including
quelling (Romano and Macino, 1992) and meiotic silencing by
unpaired DNA (MSUD) (Shiu et al, 2001). In the vegetative
stage, the introduction of transgenes results in PTGS of the
transgenes and cognate endogenous mRNAs, an RNAI silencing
phenomenon known as quelling. The process requires QDE3
(Quelling defective 3), which encodes a RecQ helicase, and RPA
(subunit of replication protein A), which recognizes aberrant
DNA structures. Interaction of these proteins recruits Quelling
defective 1 (QDE1l), a protein with dual function as
DNA-dependent RNA polymerase (DdRP) and RdPR, to the
single-stranded (ss)DNA locus, resulting in production of aberrant
ssRNAs and its conversion to dsRNAs. Subsequently, the dsRNA
is processed into small RNAs by DCL1. sRNAs duplexes are
loaded onto QDE2 (Quelling defective 2), which encodes an
AGO homolog. QDE2 cleaves the passenger strand and the
exonuclease QIP (QDE2-interacting protein) assists to remove
it to form an active RISC that targets complementary mRNA
for degradation (Chang et al., 2012). MSUD occurs during
sexual development in prophase I of meiosis, when unpaired
homologous DNA sequences have been detected during the
pairing of the homologous chromosomes, which then also leads
to the production of aberrant RNA transcripts (Chang et al.,
2012). Genes required for MSUD are SADI (Suppressor of ascus
dominance 1), a paralog of QDE-1, and SAD2. SAD2 recruits
SADL1 to the perinuclear region, where aberrant RNA is converted
to dsRNA. Upon silencing by DCLI, the small RNA duplexes
are loaded onto SMS2 (Suppressor of meiotic silencing 2), an
AGO homolog in Neurospora, which also is assisted by QIP.
In contrast, QDE-2 and DCL2 are not required for MSUD in
Neurospora, indicating that there are two parallel RNAi pathways
functioning separately in the vegetative and meiotic stages.

Fusarium graminearum (Fg) is one of the devastating pathogens
of cereals causing Fusarium head blight (FHB) and Crown Rot
(FCR) (Dean et al, 2012; Harris et al, 2016). The pathogen
belongs to the filamentous ascomycetes. Ascospores are the
primary inoculum for FHB epidemics as these spores are forcibly
shot into the environment and also can pass long distances
(Maldonado-Ramirez et al., 2005). Moreover, the sexual
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development ensures the formation of survival structures necessary
for overwintering (Dill-Macky and Jones, 2000) and the genetic
diversity of the population (Cuomo et al., 2007). Of note, spike
infections can be symptomless or symptomatic (Urban et al,
2015; Brown et al., 2017). In both cases, Fusarium fungi contaminate
the grain with mycotoxins and thus decrease grain quality. Among
the mycotoxins, the B group trichothecenes, including
deoxynivalenol (DON), nivalenol (NIV), and their acetylated
derivatives (3A-DON, 15A-DON, and 4A-NIV) influence the
virulence of the fungus (Desjardins et al, 1993; Jansen et al,
2005; Ilgen et al, 2009). Mycotoxins such as DON trigger an
oxidative burst in the host plants, resulting in cell necrosis and
disintegration of the defense system, which then favors colonization
of the plant tissues by a necrotrophic fungus (Audenaert et al,
2014). Importantly, Fg possesses a functional MSUD mechanism
(Son et al, 2011) and AGO genes FgSMS2 or FgAGO2 are
necessary for sexual reproduction (Kim et al, 2015). A recent
work discovered that the sex-induced RNAi mechanism has
important roles in sexual reproduction (Son et al., 2017). siRNAs
produced from exonic gene regions (ex-siRNAs) participate in
PTGS at a genome-wide level in the late stages of sexual
reproduction. The sex-specific RNAi pathway is primarily governed
by FgDCL1 and FgAGO?2. Thus, Fg primarily utilizes ex-siRNA-
mediated RNAi for ascospore formation. Consistent with the
key role of FgDCLI in generative development, the combination
of sRNA and transcriptome sequencing predicted 143 novel
microRNA-like RNAs (milRNAs) in wild-type perithecia, of which
most were dependent on FgDCLI. Given that 117 potential target
genes were predicted, these perithecium-specific milRNAs may
play roles in sexual development (Zeng et al., 2018).

To develop RNAi-based plant protection strategies such as
host-induced gene silencing (HIGS) (Koch et al., 2013) and
spray-induced gene silencing (SIGS) (Koch et al., 2016, 2018)
against Fusarium species, it is required to bank on knowledge
about the RNAi components involved in Fusarium development
and pathogenicity. A report of Chen and colleagues (Chen
et al, 2015) demonstrated that, in Fg, a hairpin RNA (hpRNA)
can efficiently silence the expression of a target gene, and that
the RNAi components FgDCL2 and FgAGO1 are required for
silencing. This finding is consistent with reports showing that
a Fg wild-type (WT) strain, but not Fg RNAi mutants, is
amenable to SIGS-mediated target gene silencing, when it grows
on a plant sprayed with exogenous dsRNA directed against
the fungal Cytochrome P450 lanosterol C-14a-demethylase (CYP51)
genes (Koch et al,, 2016). In the present study study, we expanded
previous studies to address the requirement of an extended
set of Fg RNAI genes in growth, reproduction, virulence, toxin
production, and SIGS-mediated inhibition of fungal infection
cereal hosts.

MATERIALS AND METHODS

Fungal Material, Generation of Gene
Deletion Mutants in Fusarium graminearum
The Fg strain PH1 and the PH1 dcll dcl2 double mutant
were a gift of Dr. Martin Urban, Rothamsted Research, England.

RNAi gene deletion mutants were generated in the Fg strain
IFA65 (IFA, Department for Agrobiotechnology, Tulln, Austria),
hereafter termed IFA WT. They were generated by homolog
recombination using the pPK2 binary vector. Fg RNAi genes were
identified by blasting Neurospora crassa genes against the Fusarium
genome sequence in the Broad institute database. Disruption
vectors were constructed by inserting two flanking fragments
(~1,000 bp) upstream and downstream of the corresponding genes
in the pPK2 vector as follows: RARP1, AGO1, QDE3, QIP, AGO2,
DCLI, RARP2, RARP3, RdRP4, and DCL2 upstream flanking
sequences were inserted in the plasmid between PacI-Kpnl restriction
sites, and the downstream flanking sequences were inserted between
Xbal-HindIII restriction sites, except the AGO2 downstream flanking
sequence which was inserted in Xbal restriction site (primers
used in disruption plasmid construction are listed in Supplementary
Table S1). Disruption vectors were introduced into Agrobacterium
tumefaciens (LBA440 and AGL1 strains) by electroporation. A
single colony of Agrobacterium containing the pPK2 plasmid was
grown in 10 ml of YEB medium (Vervliet et al.,, 1975) containing
the appropriate antibiotics (5 pg/ml tetracycline +25 pg/ml rifampicin
+50 pg/ml kanamycin for LBA440, and 25 pg/ml carbenicillin
+25 ug/ml rifampicin +50 pg/ml kanamycin for AGL1) and
incubated at 28°C till ODgyum 0.7 was reached. T-DNA was
mobilized in Agrobacterium with 200 puM acetosyringone, and
Agrobacterium and fungal recipient IFA WT were co-cultivated
on black filter paper (DP 551070, Albert LabScience, Hahnemiihle,
Dassel, Germany), respectively. Putative fungal mutants were
selected on potato extract glucose (PEG, Roth, Germany) medium
containing 150 pg/ml hygromycin +150 pg/ml ticarcillin and grown
for 5 days. For genotyping, genomic DNA of putative Fusarium
mutants was extracted from mycelia.

Genotyping of Fusarium Mutants

Fg TFA mutants were confirmed by genotyping using primers
located in hygromycin and corresponding gene flanking sequences
(located after the cloned flanking sequence in the genome)
(Supplementary Table S2). Upon amplification, the samples were
sequenced. Additionally, mRNA expression levels in mutants vs.
levels in IFA WT were measured by quantitative real-time PCR
(qRT-PCR) using primers pairs listed in (Supplementary Table S3).
The mRNA transcripts were measured using 1 x SYBR Green
JumpStart Taq Ready Mix (Sigma-Aldrich, Germany) according
to manufacturer’s instructions and assayed in 7500 Fast Real-Time
PCR cycler (Applied Biosystems Inc., CA, USA) under the following
thermal cycling conditions: initial activation step at 95°C for 5 min,
40 cycles (95°C for 30 s, 53°C for 30 s, and 72°C for 30 s). The
Ct values were determined with the software in the qRT-PCR
instrument and the transcript levels of the genes were determined
according to the 2% method (Livak and Schmittgen, 2001).

Colony Morphology

The RNAi mutants were cultured on PEG, starch agar (SA)
and synthetic nutrient agar (SNA) (Leslie and Summerell, 2006).
The cultures were incubated at 25°C in 12-h light/12-h dark
(52 pmol m™ s7', Philips Master TL-D HF 16 W/840). The
growth was documented after 5 days. For growth in liquid
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cultures, agar blocks (1 cm in diameter) from 2-week-old fungal
cultures were incubated in liquid PEG for 5 days at room
temperature (RT) under light (2 umol m™ s™') with shaking.
Each mutant was grown in flask containing medium supplemented
with hygromycin (100 pg/ml) and flask containing medium
without hygromycin. Photos were taken to document the growth
pattern after 5 days of incubation.

Production of Fungal Biomass

Fifty milligram mycelia (fresh mycelia from 4-day-old fungal
cultures grown on Aspergillus complete medium (CM) plates in
the dark; Leslie and Summerell, 2006) were incubated in a 100-ml
flask containing 20 ml of PEG medium incubated at RT with
shaking under 12-h light (2 pmol m™ s™'). Fungal mycelium
was harvested after 3 days by filtration through filter paper
(Munktell, Germany), washed with distilled water twice, and dried
at 75°C overnight. The dry weight was calculated by using the
following formula: Dry weight = (weight of filter paper + mycelium)
— (weight of filter paper).

Conidiation Assay

Production of conidia was done according to Yun et al. (2015)
with slight modification. Four-day-old cultures of each mutant
and IFA WT growing in CM agar plates in the dark at 25°C
were used for fresh mycelia preparation. The mycelia were scraped
from the plate surface using a sterile toothpick; then, 50 mg
mycelia were inoculated in a 100-ml flask containing 20 ml of
SN medium. The flasks were incubated at RT for 5 days in
light (2 pmol m™ s™') on a shaker (100 rpm). Subsequently, the
conidia produced from each mutant and WT were counted using
a hemocytometer (Fuchs Rosenthal, Superior Marienfeld, Germany).

Viability Test of Conidia

Fourteen milliliters from the same cultures used in conidiation
assay were centrifuged at 4,000 rpm for 10 min to precipitate
conidia. The conidia were resuspended in 5 ml 2% sucrose
water and incubated in dark for 2 days at 23°C. Germinated
and non-germinated conidia were visualized and counted under
an inverse microscope. Conidia germination rate was determined
as percentage of germinated conidia of the total conidia number.

Perithecia Production and Ascospore
Discharge Assay

Fungi were grown on carrot agar prepared under bright fluorescent
light at RT (18-24°C) for 5 days (Klittich and Leslie, 1988).
Aerial mycelia were removed with a sterile toothpick. To stimulate
sexual reproduction and perithecia formation, 1 ml of 2.5%
Tween 60 was applied to the plates with a sterile glass rod after
scraping the mycelia (Cavinder et al, 2012). The plates were
incubated under fluorescent light at RT for 9 days. Subsequently,
agar blocks (1.5 cm in diameter) were cut from the plates
containing the mature perithecia using a cork borer. Agar blocks
were sliced in half, placed on glass microscope slides, and incubated
in boxes under high humidity for 2 days under 24 h of light
(52 pmol m™ s™' Philips Master TL-D HF 16 W/840). During
this time, ascospores discharged from the perithecia accumulated

on the slide. For the quantification of discharged ascospores,
slides were washed off by 2 ml of an aqueous Tween 20 (0.002%)
solution and counted using a hemocytometer.

Viability Test of the Discharged Ascospores
Mycelia with mature perithecia (13 days after sexual induction)
on carrot agar were incubated in a humid box at RT under
light for 4 days according to Son et al. (2017). The discharged
ascospores were washed from the plate cover using SN liquid
medium and incubated in the dark for 24 h in a humid box.
The germinated and non-germinated ascospores were visualized
under an inverse microscope and counted.

Pathogenicity Assay on Wheat Ears

The susceptible wheat cultivar Apogee was used. Plants were
grown in an environmentally controlled growth chamber (24°C,
16 h light, 180 umol m™ s photon flux density, 60% rel.
humidity) till anthesis. Point inoculations to the second single
floret of each spike were performed at mid-anthesis with 5 ul
of a 40,000 conidia/ml suspension amended with 0.002% v/v
Tween 20 (Gosman et al., 2010). Control plants were treated
with sterile Tween 20. For each Fg genotype, 10 wheat heads
were inoculated and incubated in plastic boxes misted with
water to maintain high humidity for 2 days. Incubation continued
at 22°C in 60% rel. humidity. Infected wheat heads were observed
nine and 13 dpi and infection percentage was determined as
the ratio of infected spikelets to the total spikelet number per ear.

Thousand Grain Weight of Infected

Wheat Kernels

One hundred kernels from two biological experiments with
10 wheat heads point-inoculated with IFA WT and mutants
were counted and weighed. TGW was calculated in grams per
1,000 kernels of cleaned wheat seeds.

Quantification of Fungal DNA in Infected
Wheat Kernels

Fungal genomic DNA in kernels was quantified using qPCR
as described (Brandfass and Karlovsky, 2008). Dried grains
were ground and DNA was extracted from 30 mg of flour
and dissolved in 50 pl of TE buffer. One microliter of 50x
diluted DNA was used as template for RT-PCR with primers
amplifying a 280-bp fragment specific for Fg. The PCR mix
consisted of reaction buffer [16 mM (NH,),SO,, 67 mM Tris-
HCI, 0.01% Tween-20, pH 8.8 at 25°C; 3 mM MgCl,, 0.3 uM
of each primer, 0.2 mM of each dATP, dTTP, dCTP and dGTP
(Bioline), 0.03 U/ul Taq DNA polymerase (Bioline, Luckenwalde,
Germany) and 0.1x SYBR Green I solution (Invitrogen, Karlsruhe,
Germany)]. The PCR was performed in CFX384 thermocycler
(BioRad, Hercules, CA, USA) according to the following cycling
condition: initial denaturation for 2 min at 95°C, 35 cycles
with 30 s at 94°C, 30 s at 61°C, 30 s at 68°C, and final
elongation for 5 min at 68°C. No matrix effects were detectable
with 50-fold diluted DNA extracted from grains. Standards
were prepared from pure Fg DNA in 3-fold dilution steps
from 100 pg to 0.4 pg/well
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Analysis of Mycotoxins in Infected

Wheat Kernels

The content of mycotoxins in wheat kernels infected with Fg
RNAi mutants and IFA WT was determined using high-
performance liquid chromatography coupled to tandem mass
spectrometry (HPLC-MS/MS). Mycotoxins were extracted from
ground grains with mixture containing 84% acetonitrile, 15%
water, and 1% acetic acid and the extracts were defatted with
cyclohexane. Chromatographic separation was carried out on
a C18 column eluted with a water/methanol gradient and the
analytes were ionized by electrospray and detected by MS/MS
in multiple reaction monitoring (MRM) mode essentially as
described (Sulyok et al., 2006).

Spray Application of Double-Stranded
RNA on Barley Leaves

Second leaves of 3-week-old barley cultivar Golden Promise were
detached and transferred to square Petri plates containing 1%
agar. dsSRNA spray applications and leaf inoculation were done
as described (Koch et al., 2016). For the TE control, TE buffer
was diluted in 500 pl of water corresponding to the amount used
for dilution of the dsRNA. Typical RNA concentration after elution
was 500 ng pl™, representing a buffer concentration of 400 uM
Tris-HCL and 40 pM EDTA (TE buffer) in the final dilution.
TE buffer was indistinguishable from treatments with control
dsRNA generated from the GFP or GUS gene, respectively (Koch
et al., 2016, 2018). Thus, we used TE buffer as control to save
costs. Spraying of the leaves was carried out in the semi-systemic
design (Koch et al., 2016), where the lower parts of the detached
leaf segments were covered by a tinfoil to avoid direct contact
of dsRNA with the leaf surface that was subsequently inoculated.

STATISTICS AND ANALYSIS

Data obtained from two or three repetitions were subjected to
the Students ¢ test in Microsoft office Excel 2010. Significance
was determined as p < 0.05, 0.01, or 0.001 and indicated by *,
**, or ***, respectively. Unless specified otherwise, data are presented
as mean * standard error or mean * standard deviation of the
mean. Sequence analysis was performed on the ApE plasmid
editor free tool. Basic Local Alignment Search Tool (BLAST)
NCBI BLAST' was used for sequence search and alignment.

RESULTS

Requirement of RNA Interference

Pathway Core Components Under
Different Light Regimes

The Fg genome obtained from the Broad Institute’ contains
many functional RNAi machinery components (Chen et al,
2015; Son et al, 2017). We generated Fg gene replacement

'http://blast.ncbi.nlm.nih.gov/Blast.cgi
*www.broadinstitute.org

mutants for several major RNAi genes by homolog recombination
using the pPK2 binary vector (Table 1). Disruption vectors for
FgDCLI, FgDCL2, FgAGOl, FgAGO2, FgRARPI, FgRARP2,
FgRARP3, FgRARP4, FgQDE3, and FgQIP were constructed by
inserting two flanking fragments (~1,000 bp) upstream and
downstream of the corresponding genes in pPK2 vector
(Supplementary Table S1; Supplementary Figure S1). The
vectors were introduced into Agrobacterium tumefaciens, followed
by agro-transformation of the Fg strain IFA. Transformants were
transferred to Petri dishes of PEG medium, containing 150 pg/
ml hygromycin and 150 pg/ml ticarcillin. Mutants were verified
by PCR analysis with genomic DNA as template (Figure 1)
and by expression analysis of the respective RNAi gene
(Supplementary Figure S2). Colony morphology of PCR-verified
mutants (12 h light, see section “Methods”) was inspected in
axenic cultures of three different media, PEG, SNA, and SA.
In the PEG agar medium, all mutants showed slightly reduced
radial growth, while there were no clear differences as
compared with the IFA WT strain in SN and SA media
(Supplementary Figures S3A-C). In liquid PEG medium under
day light conditions, all mutants produced comparable amounts
of mycelium biomass, though different amounts of the red
pigment aurofusarin (Frandsen et al., 2006): Adcll, Adcl2, Ardrpl,
Agqde3, and Aqipl showed reduced pigmentation, while Aagol,
Ardrp2, Ardrp3, and Ardrp4 showed higher pigmentation compared
to IFA WT (Supplementary Figure S3D; Table 2). Under light
induction conditions (12-h light; 52 umol m™ s™"), conidia grown
in 96-well plate liquid SN cultures showed normal germ tube
emergence (not shown). All RNAi mutants formed an elongated
hyphal cell type, producing abundant conidia on conidiophores
and directly from hyphae. Conidia were moderately curved with
clear septations.

When grown continuously under dimmed light
(2 pmol m™ s7'), liquid SN cultures of RNAi mutants showed
significantly reduced conidiation compared to IFA W'T, except
Aago2 and Ardrpl, which were only slightly affected
(Figure 2A). Under this non-inductive condition, some RNAi
mutants also were compromised in conidial germination:
Aagol, Aago2, and Ardrp4 showed significantly reduced
germination, while Ardrp3, Adcll, Ardrpl, and Adcl2 showed
a slight reduction, and rdrp2, Agip, and Aqde3 showed normal
conidial germination (Figure 2B; see Table 2). All RNAi
mutants had a normal germ tube morphology, except Ardrp4,
which tends to develop multiple germ tubes (Figure 2C).
These results suggest a requirement for Fg RNAi genes in
the control of asexual development depending on the
environmental conditions.

F. graminearum RNA Interference
Components Are Required for Sexual
Development

Because there were contrasting data in the literature, we resumed
asking the question of whether RNAi components are required
for sexual reproduction of Fg. To this end perithecia (fruiting
bodies) formation was induced in axenic cultures on carrot
agar (Cavinder et al., 2012). All RNAi mutants produced
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TABLE 1 | RNAI pathway genes of Fusarium graminearum (Fg) used in this study.

RNA. proteins in Homologs in Fg Amino acid Fusarium gene ID Gene function in Fg
Neurospora crassa identity (%)
DICER 1 FgDCL1 43 FGSG_09025 Antiviral defense (Wang et al., 2016a).

Minor role in processing of exogenous dsRNA, hpRNA, or pre-milRNA in
mycelium (Chen et al., 2015).

Major role in sex-specific RNAi pathway: production of regulatory sRNAs.
Required for ascospore production (Son et al., 2017).

DICER 2 FgDCL2 35% FGSG_04408 Processing of exogenous dsRNA, hpRNA and pre-milRNA in mycelium
(Chen et al., 2015).

Partially shared DCL-1 role in production of regulatory sRNAs in the
sexual stage (Son et al., 2017).

ARGONAUTE 1 (syn. FgAGO1 59 FGSG_08752 Major component in the RISC during quelling (Chen et al., 2015).
Quelling defective 2)

ARGONAUTE 2 (syn. FgAGO2 43 FGSG_00348 Minor role in binding siRNA derived from exogenous dsRNA, hpRNA or
Suppressor of meiotic pre-milRNA in mycelium (Chen et al., 2015).

silencing 2, SMS2) Major role in sex-specific RNAI pathway; required for ascospore

production (Son et al., 2017).

RNA-DEPENDENT RNA FgRdRP1 38 FGSG_06504 Maybe associated with secondary sRNA production (Chen et al., 2015).
POLYMERASE (syn. FgRARP4 33 FGSG_04619 Maybe associated with secondary sSRNA production (Chen et al., 2015).
Quelling defective 1)

RNA-DEPENDENT RNA FgRdRp2 42 FGSG_08716 Maybe associated with secondary sSRNA production (Chen et al., 2015).
POLYMERASE (syn. FgRdRp5 29 FGSG_09076 Roles in the antiviral defense.

Suppressor of ascus

Maybe associated with secondary sRNA production (Chen et al., 2015).
dominance, SAD1)

RNA-DEPENDENT RNA FgRARP3 47 FGSG_01582 Maybe associated with secondary sRNA production (Chen et al., 2015).
POLYMERASE (RRP3)

QDE2-INTERACTING FgQIP 32 FGSG_06722 The homolog has been identified in Chen et al. (2015), but not yet
PROTEIN studied in depth.

RecQ HELICASE QDES3 FgQDE3 46 FGSG_00551 Not studied.

M- -
=
—
—
Eaaad

— M wt Adcl1

=
wt U Ardrp2

..
.~
.

FIGURE 1 | PCR verification of targeted gene replacement in Fusarium graminearum. (A) Amplification of an internal part of the targeted genes DCL 1, DCL2,
AGO1, AGO2, RdRP1, RdRP4, RdRP2, RARP3, QIP, and QDES3 is positive in IFA WT and negative in corresponding mutants. (B) PCR with primer pairs in the right
recombination sequence and hygromycin, showing that the antibiotic resistance gene had integrated into the target gene locus. PCR products were analyzed on
1.5% agarose gel electrophoresis. M, DNA marker; WT, wild type.
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TABLE 2 | Function of Fusarium graminearum RNAi mutants in various developmental and pathogenic processes.

Fungal Aurofusarin Conidiation? Conidial Ascospore Ascospore Spike rDON SIGS*
strain pigment’ germination? discharge germination infection®

IFA WT + + + + + + + +
Adolt - - ) - ) - S -
Adcl2 - - (=) - + ++ -) -
AagoT ++ - - - (+) + - (+)
Aago2 + (+) - - + - - (+)
Ardrp1 - (+) (=) - + + + (+)
Ardrp2 ++ - + - + + - nd
Ardrp3 ++ - (=) + - + - nd
Ardrp4 ++ - - + - + nd
Aqde3 - - + - + + + +
Aqgip - - + - (+) + + -
Adcl1 Adcl2 nd nd nd nd nd nd nd -
PH1 nd nd nd nd nd nd nd +

"In liquid PEG medium under day light conditions.
2Dimmed light (2 umol m~2 s7'), liquid SN cultures.
SAt 9 dpi (not at 13 dpi).

“On barley leaves, 20 ng ul-" CYP3RNA; conclusion from two independent validation assays.

A 120
100 -
80 |
60 |
40 -

20

Number of conidia/ml (%)

0

IFAWT

B 100

FIGURE 2 | The RNAI pathway is required for asexual development of Fusarium graminearum in the absence of inductive light. (A) Number of conidia produced:
means + SEs of the percentage of conidia numbers from three repeated experiments. Significant differences are marked: *p < 0.05; **p < 0.01; **p < 0.001
(Student’s t test). (B) Percent of conidial germination: means+ SEs of the percentage of germinated spores from three biological repetitions. Significant differences
are marked: *p < 0.05 (Student’s t test). (C) Microscopic observation of germinated and non-germinated conidia of IFA WT and Ardrp4. Imaging after 48 h of
incubation in the dark, scale bar: 50 pm. Black arrow, conidia forming a bipolar germ tube. Red arrow, conidia forming multiple germ tubes.

Germination (%)

90 A
80 -
70 A
60 -
50 A
40 -
30 -

Ardip4

melanized mature perithecia to the same extent as compared
to IFA WT (not shown). Next, we assessed the forcible
discharge of ascospores by a spore discharge assay (Figure 3).
Discharge of ascospores from perithecia into the environment
results from turgor pressure within the asci; the dispersal of
ascospores by forcible discharge is a proxy for fungal fitness

as it is important for dissemination of the disease. To this
end, half circular agar blocks covered with mature perithecia
were placed on glass slides and images from forcibly fired
ascospores (white cloudy) were taken after 48 h of incubation
in boxes under high humidity and fluorescent light. We found
that the forcible discharge of ascospores was severely
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compromised in Adcll, Aago2, Ardrpl, Ardrp2, Agde3, and
less severe in Adcl2, Aagol, Aqipl, while Ardrp3 and Ardrp4
were indistinguishable from IFA WT (Figures 3A,B).
Microscopic observation of the discharged ascospores revealed
that their morphology was not affected (not shown). However,
the percentage of discharged ascospores that retained the ability
to germinate varied in the mutants with Ardrp3 and Ardrp4,
showing strong reduction in the ascospore germination (Figure 3C;
see Table 2). Together, these results confirm that the RNAi
pathway is involved in sexual reproduction, though the
requirement of individual RNAi components greatly varies in
the different developmental stages.

F. graminearum RNA Interference Mutants
Show Variation in Kernel Infection

It has been reported that Fg mutants defective in DCL,
AGO, or RdRP were not compromised in virulence on wheat
spikes (Chen et al., 2015). We extended this previous study
by testing additional Fg RNAi mutants. Conidia were point-
inoculated to a single spikelet at the bottom of a spike of
the susceptible wheat cultivar Apogee. Fungal colonization
was quantified 9 and 13 days post inoculation (dpi) by
determining the infection strength. Infected parts of a spike
bleached out, whereas the non-inoculated spikes remained
greenish. At late infection stages (13 dpi), all RNAi mutants
caused strong FHB symptoms comparable with IFA WT.
However, we found differences in the severity of infections

at earlier time points (9 dpi), with Adcll and Aago2 showing
most compromised FHB development (Figure 4A; see Table
2). At 13 dpi, RNAi mutants also showed considerable
variation in Fg-infected kernel morphology (Supplementary
Figure S4A). Thousand-grain-weight (TGW) of kernels
infected with RNAi mutants showed slight, though not
significant. Differences in the total weights compared to IFA
WT infection (Supplementary Figure S4B).

Deoxynivalenol Production Is
Compromised in F. graminearum Mutants
That Show Reduced Pathogenicity on
Wheat Kernels

We quantified the amount of DON in Fg-infected wheat
spikes at 13 dpi (point inoculation using 5 pl of 0.002%
Tween 20 water containing 40,000 conidia/ml) at mid-anthesis.
Of note, the relative amount of DON [rDON], calculated as
[DON] relative to the amount of fungal genomic DNA, was
reduced in virtually all spikes infected with RNAi mutants,
whereby spikes infected by Agip and Adcl2 showed the lowest
toxin reduction as compared with the other mutants (Table 3).
The data suggest that fungal RNAi pathways affect Fg's DON
production in wheat spikes. Moreover, while [rDON] changed,
the ratio of [DON] and [A-DON] (comprising 3A-DON and
15A-DON) remained constant in all mutants vs. IFA WT,
suggesting that the fungal RNAi pathways do not affect the
trichothecene metabolism.

~ daip

IFAWT

are marked: *p < 0.05 (Student’s t test).

FIGURE 3 | Forcible ascospore discharge in Fusarium graminearum RNAi mutants and IFA WT. (A) Forcible ascospore firing. Half circular carrot agar blocks
covered with mature perithecia were placed on glass slides. Photos from forcibly fired ascospores (white cloudy) were taken after 48 h of incubation in boxes
under high humidity and fluorescent light. (B) Fired ascospores were washed off and counted. Means+ SDs of the counted spores is presented from three
biological repetitions. Significant differences are marked: *p < 0.05; ***p < 0.001 (Student’s t test). (C) Ascospore germination. Discharged ascospores were
incubated at 100% RT in the dark for 24 h at 23°C in SN liquid medium. The percentage of germination was assessed by examining the ascospore number in
three random squares in the counting chamber. Means + SEs of the percentage of germinated spores from three biological repetitions. Significant differences

180 4

120 4

Numberof ascospores/ml (%) 0
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mock IFAWT

ddell  4ddecl2  dagol

with 10 spikes per fungal genotype and experiment. (B) Wheat spikes at 13 dpi.

dago2

FIGURE 4 | Infection of Apogee wheat spikes with Fusarium graminearum RNAi mutants and IFA WT. (A) Representative samples of spikes at 9 dpi. One spikelet
at the bottom of each spike (red arrow) was point-inoculated with 5 pl of 0.002% Tween 20 water containing 40,000 conidia/ml. The assay was repeated two times

drdrpl  drdrp2 drdrp3  drdrp4  dgde3  dgip

TABLE 3 | Trichothecenes produced by RNAi mutants in infected wheat kernels

at 13 dpi.
Samples ng Fg DNA/ DON DON/ A-DON A-DON/
mg seed (mg/kg DNA (mg/kg DON x
d.w. seed) seed)’ 1,000
Mock 0 0.00 0 0 0
(without Fg)
Aago1 0.84 12.7 15.2 0.45 36
Aago2 1.28 32.3 25.2 1.04 32
Adcl1 2.86 61.9 21.6 1.87 30
Adcl2 2.03 56.6 27.9 1.89 33
Ardrp1 4.84 86.7 17.9 3.51 40
Ardrp2 0.95 16.9 17.8 0.43 25
Ardrp3 0.78 12.3 15.6 0.35 29
Ardrp4 0.47 4.90 10.3 0.15 31
Aqgip 2.53 68.7 27.2 2.87 42
Aqde3 4.33 82.3 19.0 3.91 47
IFAWT 2.18 78.3 35.9 2.58 33

DON, deoxynivalenol; A-DON, acetyldeoxynivalenol.
'3A-DON (3-acetyldeoxynivalenol) and 15A-DON (15-acetyldeoxynivalenol) were measured.
2Ratio of concentrations of A-DON and DON, multiplied by 1,000.

F. graminearum RecQ Helicase

Mutant Aqde3 Is Insensitive to
Double-Stranded RNA

Spraying plant leaves or fruits with dsRNA targeting essential
fungal genes can reduce fungal infections by a mechanism
called spray-induced gene silencing (SIGS) (Dalakouras et al.,
2016; Koch et al., 2016; Wang et al., 2016b; McLoughlin et al.,
2018). We addressed the question which RNAi mutants of our
set are compromised in SIGS upon treatment with dsRNA. To
this end, we conducted a SIGS experiment on detached barley
leaves that were sprayed with 20 ng pl™' CYP3RNA, a 791 nt-long
dsRNA that targets the three fungal genes FgCYP51A, FgCYP51B,
and FgCYP5IC (Koch et al, 2016). By 48 h after spraying,
leaves were drop inoculated with 5 x 10* conidia ml™" of Fg
RNAi mutants and IFA WT. Five days later, infected leaves

were scored for disease symptoms and harvested to measure
the expression of the fungal target genes by qRT-PCR (Figure 5).
As revealed by reduced disease symptoms, leaves sprayed with
CYP3RNA vs. TE (buffer control), only Agde3 was equally
sensitive to dsRNA like the IFA WT, while all other mutants
tested in this experiment were slightly or strongly compromised
in SIGS and less sensitive to CYP3RNA (Figure 5A, see Table 2).
Consistent with this, strong down-regulation of all three CYP51
target genes was observed only in IFA WT and Agde3. In
Adcll, Adcl2, and Agipl, the inhibitory effect of CYP3RNA on
FgCYP51A, FgCYP51B, and FgCYP51C expression was completely
abolished (Figure 5B). To further substantiate this finding,
we tested a dcll/dcl2 double mutant in Fg strain PHI1. As
anticipated from the experiments with IFA W'T, the PH1 dcl1/
dcl2 mutant was fully compromised in SIGS (Figures 5A,B).

DISCUSSION

We generated a broad collection of knockout mutants for
RNAI genes in the necrotrophic, mycotoxin-producing pathogen
Fusarium graminearum to demonstrate their involvement in
vegetative and generative growth, disease development,
mycotoxin production, and sensitivity to environmental RNAI.
A summary of the mutants’ performance in the various
processes is shown in Table 2. While all RNAi mutants show
normal vegetative development in axenic cultures, there were
differences in pigments production in liquid potato extract
glucose cultures. This suggests that in Fg, an RNAi pathway
regulates the gene cluster responsible for the biosynthesis of
pigments, including aurofusarin. Aurofusarin is a secondary
metabolite belonging to the naphthoquinone group of
polyketides that shows antibiotic properties against filamentous
fungi and yeast (Medentsev et al., 1993). The function of the
compound in the fungus is unknown because white mutants
have even higher growth rates and are equally pathogenic
than a WT fungus on wheat and barley (Malz et al., 2005).
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Infection relative to TE spray (ImageJ) 3>

FIGURE 5 | Infection symptoms of Fg RNAI mutants on barley leaves sprayed with the dsRNA CYP3RNA. (A) Detached leaves of 3-week-old barley plants were
sprayed with 20 ng plI-" CYP3RNA or TE buffer, respectively. After 48 h, leaves were drop-inoculated with 5 x 10* conidia mi-! of indicated Fg RNAi mutants and
evaluated for infection symptoms at 5 dpi. Values show relative infection area as calculated from TE- vs. CYP3RNA-treated plants for each RNAi mutant with 10
leaves and three biological repetitions. Asterisks indicate statistical significant reduction of the infection area on CYP3RNA- vs. TE-treated plants measured by
Imaged for each mutant ("o < 0.05; **p < 0.01; Student’s t test). The dc/7 dcl2 double mutant is generated in Fg strain PH1. (B) Down-regulation of the three
CYP51 genes in Fg mutants upon colonization of CYPSRNA- vs. TE-treated barley leaves. Asterisks indicate statistically significant down-regulation of CYP57 genes
on CYP3RNA vs. TE-treated plants. (o < 0.05; **p < 0.01; ***p < 0.001; Student’s t test). Error bars indicate SE of three independent experiments in (A) and (B).

relative to TE spray
»
2

Expression of FgCYPSI genes

BCYPS1A ®mCYPSIB ®mCYPSIC

Overall, the contribution of the RNAi pathways to vegetative
fungal development and conidiation varies among different
fungi and must be considered case by case. Under low light
(<2 pmol m™ s™), all Fg RNAi mutants showed reduced conidia
production and some showed aberrant germination compared
to IFA WT. This suggests that in the absence of light induction,
the RNAi pathway is required for conidiation. RNAi may play
arole in regulation of light-responsive genes affecting conidiation
as shown for T. atroviride, where DCL2 and RdRP3 control
conidia production under light induction (Carreras-Villasefor
et al., 2013). The authors claimed that Adcl2 and Ardrp3 are
impaired in perception and/or transduction of the light signal
affecting the transcriptional response of light-responsive genes.
Similarly, Metarhizium robertsii dcl and ago mutants show
reduced abilities to produce conidia under light, though the
light quantity was not described (Meng et al., 2017).

Perithecia development has been used to study sexual
development and transcription of genes related to sexual
development (Trail and Common, 2000; Qi et al., 2006; Hallen
et al., 2007). In field situations, ascospores serve as the primary
inoculum for FHB epidemics because these spores are shot
into the environment and can spread over long distances
(Maldonado-Ramirez et al, 2005). We found that all RNAi
mutants could produce mature perithecia. However, corroborating
and extending the exemplary work of Son et al. (2017),
we also found that, besides FgDCLI1 and FgAGO2, other RNAi
genes such as RARPI, RARP2, RARP3, RdARP4, QDE3, QIP
contribute to the sexual reproduction. Mutations in these
genes either showed severe defect in forcible ascospore discharge
or significantly reduced germination. The Son et al. (2017)
study showed that Fgdcll and Fgago2 are severely defective in
forcible ascospore discharge, while Fgdcl2 and Fgagol show
indistinguishable phenotypes compared to the WT. Active roles
for FgDCL1 and FgAGO?2 are supported by the finding that
expression levels of many genes, including those closely related
to the mating-type (MAT)-mediated regulatory mechanism during
the late stages of sexual development, was compromised in the
respective mutants after sexual induction (Kim et al, 2015).

Moreover, FgDCL1 and FgAGO2 participate in the biogenesis
of sRNAs and perithecia-specific miRNA-like RNAs (milRNAs)
also are dependent on FgDCL1 (Zeng et al., 2018). Most of
the produced sRNA originated from gene transcript regions
and affected expression of the corresponding genes at a post-
transcriptional level (Son et al., 2017).

While our data show that, in addition to FgDCL1 and FgAGO2,
more Fg RNAi-related proteins are required for sex-specific RNAi,
further transcriptomic analysis and sRNA characterization are
needed for a mechanistic explanation. Of note, ex-siRNA functions
are important for various developmental stages and stress responses
in the fungus M. circinelloides, while Fg utilizes ex-siRNAs for
a specific developmental stage. Thus, ex-siRNA-mediated RNAi
might occur in various fungal developmental stages and stress
responses depending on the fungal species.

We investigated the involvement of RNAi in pathogenicity
and FHB development by infecting wheat spikes of the susceptible
cultivar Apogee with fungal conidia. At earlier time points of
infection (9 dpi), clear differences in virulence between RNAi
mutants were observed, though all mutants could spread within
a spike and caused typical FHB symptoms at later time points
(13 dpi). Despite full FHB symptom development in all mutants
at 13 dpi, we observed various effects of fungal infection on
the kernel morphology, corresponding to the different
aggressiveness of mutants at early time points. Since this
phenomenon may account for differences in producing
mycotoxins during infection, we quantified mycotoxins in the
kernels. Of note, [rDON] was reduced in virtually all spikes
infected with RNAi mutants, though most strongly in spikes
colonized with mutants Aagol, Ardrpl, Ardrp2, Ardrp3, Ardrp4,
and Agde3 as compared with IFA WT (see Tables 2 and 3).
The data suggest that fungal RNAi pathways affect Fg's DON
production in wheat spikes. Interestingly, while [rDON] changed,
the ratio of [DON] and [3A-DON] remained constant in all
mutants vs. IFA W', suggesting that the fungal RNAi pathways
do not affect the trichothecene chemotype.

Our work also identifies additional Fg RNAI proteins associated
with sensitivity to dsRNA treatments. For the validation of
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dsRNA effects, we used two independent tests: infection
phenotyping and qRT-PCR analysis of fungal target genes.
Adcll and Adcl2 as well as Agqip showed compromised SIGS
phenotypes in either test, strongly suggesting that these proteins
are required for environmental RNAi in Fg. Further substantiating
our finding, the fungal dcll/dcl2 double mutant of Fg strain
PH1 also showed complete insensitivity to dsRNA and thus
is fully compromised to environmental RNAi.

Taken together, our results further substantiate the involvement
of RNAi pathways in conidiation, ascosporogenesis, and
pathogenicity of Fg. Nevertheless, further studies must explore
the mechanistic roles of Fg RNAi genes in these processes.
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