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ABSTRACT

Soils suppressive to soilborne pathogens have been identified world-wide for almost 60 years
and attributed mainly to suppressive or antagonistic microorganisms. Rather than identifying,
testing and applying potential biocontrol agents in an inundative fashion, research into
suppressive soils has attempted to understand how indigenous microbiomes can reduce disease,
even in the presence of the pathogen, susceptible host, and favorable environment. Recent
advances in next-generation sequencing of microbiomes have provided new tools to reexamine
and further characterize the nature of these soils. Two general types of suppression have been
described: specific and general suppression, and theories have been developed around these two

models. In this review, we will present three examples of currently-studied model systems with
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features representative of specific and general suppressiveness- suppression to take-all
(Gaeumannomyces graminis var. tritici), Rhizoctonia bare patch of wheat (Rhizoctonia solani
AG-8) and Streptomyces. To compare and contrast the two models of general vs specific
suppression, we propose a number of hypotheses about the nature and ecology of microbial
populations and communities of suppressive soils. We outline the potential and limitations of
new molecular techniques that can provide novel ways of testing these hypotheses. Finally, we
consider how this greater understanding of the phytobiome can facilitate sustainable disease

management in agriculture by harnessing the potential of indigenous soil microbes.

Suppressive soils provide the best examples of natural microbe-based plant defense, whereby via
rhizodeposition plant roots stimulate, enrich, and support soil microorganisms as the first line of
defense against soilborne pathogens (Weller et al. 2002, 2007). They are soils in which, because
of their microbial makeup and activity, a pathogen does not establish or persist, establishes but
causes little or no disease, or establishes and causes disease at first but then the disease declines
with successive cropping of a susceptible host even though the pathogens may still persist in the
soil (Baker and Cook, 1974, Cook and Baker 1983, Weller et al. 2002). Suppressive soils owe
their activity to a combination of “general” and “specific” suppression. General suppression is
the ability of soils to inhibit the growth and activity of soilborne pathogens to some extent,
owing to the collective competitive and antagonistic activity of the total soil microbiome
competing with the pathogen(s) (Cook 2014; Weller et al. 2002). We define the microbiome as a
community of microbes in a particular environment (in this case the soil and rhizosphere), which

includes not only their genes, but their transcripts, metabolites and proteins. General suppression
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is a natural and preexisting characteristic of soil; is often effective against a broad spectrum of
soilborne diseases; is not transferrable from field to field or soil to soil with very small amounts
of microbial inoculum or soil; is reduced by steaming and eliminated by sterilizing the soil; and
can be enhanced by management practices that increase the population size, diversity and/or
activity of the soil microbiome (Baker and Cook 1974; Cook and Baker, 1983; Cook 2014;
Weller et al. 2002). It is important to remember that most soilborne pathogens exist primarily as
dormant structures, waiting for root or seed exudates or added nutrients to stimulate and fuel
germination, growth and root infection. Cook (2014) equates general suppression to a microbial
fire that is “burning” root exudates and other nutrients and limiting their availability to soilborne
pathogens. Thus, general suppression is manifested as a continuum of suppressiveness, and the
faster the burn rate from increased microbial activity, the greater the general suppression limiting
pathogen growth and infection. General suppression is easily visualized and quantified when
inoculum of a soilborne pathogen is added to an unamended or raw field soil and to the same soil
that has been sterilized. Less disease develops on the host plant in the raw as compared to the
sterilized soil (Weller et al. 2002), and the amount of suppressiveness can be quantified by
calculating the difference in disease incidence or severity between the two soils. Soils that
express only this “basal level” of general disease inhibition are considered “conducive” or
“nonsuppressive” soils when compared to soils with specific suppression.

In their first book on biological control, Baker and Cook (1974) highlighted how general
suppression can sometimes be significantly enhanced to a very high level comparable to that
observed for specific suppression. An excellent example was the control of Phytophthora root
rot in an avocado grove established in the early 1940s in Queensland, Australia, which remained

healthy after more than 40 years despite growing in soil infested with Phytophthora cinnamomi
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in an environment highly favorable for disease development. In contrast, Phytophthora root rot
was severe in neighboring groves. Suppressiveness was associated with soil organic matter,
maintained at about 12% by adding large amounts of biomass such as chicken manure, corn
stalks, and other plant materials, which stoked the “microbial burn.” Essentially, the orchard was
managed organically and the soil was described as a “really live soil” based on the diversity and
size of the microbial biomass (Cook 2014). However, this general suppressiveness was not
transferable, and it was overcome by adding large quantities of pathogen inoculum (Baker and
Cook 1974). More recently, the application of specific amendments to enrich a more limited part
of the microbiome such as Streptomycetes (see below) (Mazzola et al. 2007; Wiggins and Kinkel
2005ab; Tomihama et al. 2016; Klein et al. 2013) is receiving considerable attention as a means
to enhance general suppression. However, just as with the suppression of Phytophthora root rot,
this type of suppessiveness is not transferable by transferring small amounts of soil.

Specific suppression is superimposed over a background of general suppression.
Historically, specific suppression is what was envisioned when discussing disease-suppressive
soils. More recently however, many studies of suppressive soils, and especially those focused on
the soil or rhizosphere microbiome using next-generation sequencing, often address general
suppression rather than specific suppression. It is important to reiterate that suppressiveness
functions as a continuum from general to specific, with the former underlying and potentially
giving rise to the latter over time and in response to certain cropping practices (Cook 2014).
Specific suppression is highly effective; it results from individual species or select groups of
microorganisms; is transferable by adding pure cultures or very small amounts (1-10%) of
suppressive soil to a conducive soil; and generally is eliminated by pasteurization at 55-60°C, 30

min. (but there are exceptions to this; Cha et al. 2016) or by fumigating (methyl bromide) the soil
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(Cook and Rovira 1976; Gerlagh 1968; Shipton 1975; Weller et al. 2002). Transferability by
adding a small amount of soil or inoculum of the responsible microbial species is the key
characteristic that separates specific suppression from general suppression. Or put another way,
there is no dose response in specific suppression. A similar level of suppression is ultimately
generated by transferring 1% or 10% to a conducive soil. Because specific suppression is due to
a population rather than a community, it does not take much for that population of a specific
organism to become established in its niche, whether it be a diseased root in the case of take-all
decline, or a fungal host in the case of a mycoparsite.

Some soils with specific disease suppression are characterized as “long standing” because
the suppressiveness is naturally associated with the soil, its origins are not known, and
suppressiveness persists in the absence of plants (Weller et al. 2002). One of the best examples
of long-standing suppression occurs in certain soils from the Chateaurenard region of France,
which have long been known to be highly suppressive to Fusarium wilts of several crops
(Alabouvette 1986). Other suppressive soils are “induced,” meaning that specific
suppressiveness is initiated and sustained by crop monoculture, by growing crops susceptible to
the disease, or by adding inoculum of the pathogen into the soil (Hornby 1983, 1998; Weller et
al. 2002). The best described example of induced specific suppression is take-all decline, which
is “induced” by wheat or barley monoculture following a severe outbreak of take-all (Weller et
al. 2002). Soils with specific suppressiveness against fungi, oomycetes, bacteria and nematodes
occur worldwide (Weller et al. 2002). The mechanisms of specific (and general) suppression
have not been fully defined for most suppressive soils.

For scientists new to the field of disease-suppressive soils, it can be challenging to

visualize how specific suppression can result from the activity of individual or select groups of



Phytopathology "First Look" paper  http://dx.doi.org/10.1094/PHY TO-03-17-0111-RVW e posted 06/26/2017

This paper has been peer reviewed and accepted for publication but has not yet been copyedited or proofread. The final published version may differ.

10

11

12

13

14

15

16

17

18

19

20

21

22

23

microorganisms given the enormous diversity of species in the soil microbiome. However, this is
not to say that the total microbiome does not contribute to specific suppressiveness; it just is not
the key player. Perhaps the best argument against the primary role of microbial communities and
microbiome diversity in specific suppression lies in the ability of 1% or less volume of a
suppressive soil or the addition of the specific microbe(s) responsive for suppressiveness to
rapidly convert a conducive soil to a state of specific suppressiveness (Cook and Baker 1983;
Cook and Rovira 1976; Weller et al. 2002) under either controlled or field conditions. This
suggests that the conditions for the rapid buildup of the specific suppressiveness are very strong
in the presence of disease or a specific target for the suppressive organism(s), such as a fungal
host in the case of a mycoparasite. One would expect that competitive exclusion would prohibit
the microbiome in the one part suppressive soil from rapidly converting the 99 parts conducive
microbiome after only one or two cropping seasons of a host susceptible to the target pathogen.
On the other hand, there are numerous examples in which individual antagonistic strains of
bacteria or fungi with an affinity for a host crop or pathogen propagule reach threshold
population sizes (10 g'1 root tissue) and initiate sustained disease suppression (Raaijmakers and
Weller 2001; Weller et al. 2007). A classic example is the natural suppression of crown gall,
caused by Agrobacterium tumefaciens. The observation of over 40 years in South Australia
(New and Kerr 1972) that the incidence of crown gall on almond correlated with the ratio of
pathogenic to nonpathogenic agrobacteria suggested the ability of a single bacterial species, 4.
radiobacter (non-pathogenic), to suppress a disease. This resulted in the development of one of
the most successful biocontrol agents, strain K84. This phenomenon has since been seen in other
orchards (Lamovsek et al. 2014). Specific suppressive microorganisms often directly attack the

pathogen (i.e., Dactylella oviparasitica against the beet-cyst nematode Heterodera schachtii)
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(Olatinwo et al. 2006) and/or show intimate niche overlap with the pathogen especially in
infection courts (i.e., A. radiobacter and A. tumefaciens, P. brassicacearum and
Gaeumannomyces graminis var. tritici; pathogenic and nonpathogenic F. oxysporum)
(Alabouvette 1986; New and Kerr, 1972; Weller et al. 2007).

In this review, we will present three currently-studied model systems with features
representative of specific and general suppressiveness. Based on these systems, we will consider
hypotheses about the fundamental nature of specific and general disease-suppressive soil
microbial communities, explore and critique ways in which new tools provide novel ways for
testing the hypotheses, and finally, consider how the resulting insights can help to guide progress
in phytobiome-based sustainable disease management, a goal critical to harnessing the potential

of indigenous soil microbes to provide pathogen suppression in agriculture.

MODEL SUPPRESSIVE SOIL SYSTEMS

Take-all

Take-all, caused Gaeumannomyces graminis (Sacc.) von Arx & Olivier var. tritici Walker
(Ggt), continues to be an important root diseases of wheat worldwide (Cook 2003). Take-all is
most severe when wheat is grown in areas with high precipitation or under irrigation (Cook
2003; Freeman and Ward 2004), however, it can also occurs under dryland conditions (Cook
2003). The pathogen survives as mycelium in dead roots and tiller bases and also in the roots of
native grasses and volunteer cereals, all of which serve as inoculum sources for the next crop of
wheat (Paulitz et al. 2002; Cook 2003; Freeman and Ward 2004). Dark runner hyphae growing on
the root surface are the source of primary infection of seedlings, and then hyaline hyphae penetrate
into the cortex and colonize the vascular tissue, ultimately causing characteristic black lesions.

Runner hyphae will continue to grow over the root surface, to other roots, and upward to the crown
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and stem bases if moisture is sufficient. Early infection often results in yellowing of lower leaves,
stunting, and premature death of plants in patches. Crop rotation and tillage are approaches to
manage take-all, but trends are away from those practices in modern farming systems. Wheat
cultivars lack resistance to take-all, but cultivars differ in ability to build up inoculum of Ggt
(McMillan et al., 2011), opening the possibility of reducing the risk of disease in a second wheat
crop by growing a cultivar that reduces inoculum build up. Methods of chemical control have

had only moderate success in controlling the disease (Cook 2003).

Take-all decline. Take-all decline (TAD), one of the best-characterized examples of
induced-specific suppression, is defined as the spontaneous reduction in the incidence and
severity of take-all and increase in yield occurring with continuous monoculture of wheat or
barley following a severe attack of the disease (Hornby 1998; Weller 2015; Weller et al. 2002).
TAD was first described over 70 years ago, is considered to be a field phenomenon, and occurs
globally (Kwak and Weller 2012; Weller et al. 2002). The similarity with which TAD occurs
throughout the world is remarkable considering the wide range of climates, agronomic
conditions and soil types under which wheat is cultivated. TAD is used by growers to manage
take-all, and in the Pacific Northwest (PNW) of the U.S., Cook (2003) estimated that about 0.8
million hectares of wheat suffer little damage from take-all due to TAD (Cook, 2003).

The development of TAD follows a consistent pattern everywhere, but cropping history,
environmental conditions, and soil factors will impact the intensity (robustness) of the
suppressiveness as well as the length of time before its onset, which typically averages four to
six years (Kwak and Weller 2012; Weller 2015; Weller et al. 2002). TAD suppressiveness can

be transferred to conducive soils in both the field and the greenhouse by adding 1-10%
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suppressive soil (Cook, 2007; Raaijmakers and Weller 1998; Weller et al. 2002).
Suppressiveness is eliminated from a soil by treating the soil by pasteurization with moist heat
(60°C for 30 min) the soil or fumigation with methyl bromide or chloropicrin (Raaijmakers and
Weller 1998; Weller et al. 2002), and reduced or eliminated by growing a non-host crop (Weller
et al. 2002), but a TAD field regains suppressiveness once wheat or barley is again grown. Thus,
TAD soil remain “primed” for suppression even when monoculture is interrupted. This resiliency
was demonstrated when a TAD soil from Lind, WA that was stored dry in cans for over 25 years
was readily reactivated by planting only two cycles of wheat in the greenhouse (Allende-Molar
2006).

Microbial basis of TAD. Changes in the soil or rhizosphere microbiome resulting in
inhibition of Ggt have long been reported as mechanisms of TAD (Hornby 1998; Sanguin et al.
2009; Weller et al. 2002). Because microorganisms from many different genera have biocontrol
activity against take-all and Ggt is highly sensitive to different forms of antagonism (Weller et al.
2002), different antagonist species have been suggested to be responsible for TAD (Kwak and
Weller 2012). However, there is abundant microbiological and biochemical evidence for a key
role in TAD of fluorescent Pseudomonas spp. that produce the antibiotic 2,4-
diacetylphloroglucinol (DAPG) in at least the PNW (Raaijmakers et. al. 1997; Raaijmakers and
Weller 1998), in fields throughout the U.S. (McSpadden Gardner et al. 2000; Landa et al. 2006)
and in The Netherlands (de Souza et al. 2003). DAPG producers naturally occur in wheat soil
microbiomes at low densities. The occurrence of high precipitation or irrigation is ideal for take-
all development (Mavrodi et al. 2012), and infection of wheat roots by Ggt initiates an
enrichment of DAPG producers (a cycle that is repeated during monoculture), to a density above

10° CFU g™ root, the threshold required for take-all control (Raaijmakers et al. 1999; Weller et
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al. 2002, 2007). TAD is an example of how classical and molecular approaches (prior to next-
generation sequencing technology) were used to elucidate the microbial basis of take-all
suppression. The lines of evidence leading to the conclusion that DAPG producers were
responsible for TAD, provide a model for elucidating the microbial basis of other specific

suppressive soils.

(1) DAPG producers were consistently detected on roots of wheat grown in TAD soils at
population densities above the threshold level required for take-all control (10° CFU g™ root),
but were below the threshold or not detected on roots from homologous conducive soils (Landa
et al. 2006; Raaijmakers et al. 1999; Raaijmakers and Weller 1998).
(i1) Pasteurization of TAD soils with moist heat eliminated both DAPG producers and
suppressiveness (Raaijmakers and Weller 1998).
(i11) Adding 10% TAD soil to conducive soils established of populations of DAPG producers
above the threshold needed for take-all control and transferred suppressiveness to the
conducive soils (Raaijmakers and Weller 1998).
(iv) Cultivation of oats, a crop that reduces suppressiveness, reduced the population size of
DAPG producers below the threshold required for take-all control (Raaijmakers and Weller
1998).
(v) Introduction of a DAPG producer from a TAD soil (Raaijmakers and Weller 1998,
2001), but not its DAPG-deficient mutant (de Souza et al., 2003), into conducive soils at low
doses suppressed take-all equivalent to the level occurring in TAD soils.
(vi) DAPG is highly active against Ggt (90% effective dose value ranging from 3.1 to 11.1
ng ml™) and the antibiotic acts on multiple basic cellular processes in the pathogen (Kwak et

al. 2009, 2011).
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(vii) The level of disease suppression is positively related to the sensitivity of the Ggt isolate
to the antibiotic (Kwak et al. 2012; Mazzola et al. 1995).
(viii) DAPG was isolated from roots of wheat grown in TAD soil but not from roots grown

in a homologous conducive soil (Raaijmakers et al. 1999).

Diversity among DAPG producers. There is significant genetic diversity among DAPG
producers (Weller et al. 2007) in the P. fluorescens complex (Loper et al. 2012). Studies
primarily of U.S. isolates initially described 22 genotypes (designated A-T, PfY and PfZ) (De La
Fuente et al. 2006; Landa et al. 2002, 2006; McSpadden Gardener et al. 2000, 2005; Weller et al.
2007). Other studies focusing on European isolates revealed additional diversity (Bergsma-
Vlami et al. 2005; Frapolli et al. 2008; Picard and Bosco 2003), and these estimates of diversity
are likely underestimates (Sekar and Prabavathy 2014). In PNW TAD soils, D-genotype strains
comprise 60-95% of the DAPG producers on wheat and barley roots (Raaijmakers and Weller
2001) and they colonize better than other genotypes (Raaijmakers and Weller, 2001). In addition,
many U.S. TAD soils also are dominated by D genotypes (McSpadden Gardner et al. 2000). For
example, in a field in Fargo, ND cropped continuously to wheat since 1882, DAPG producers
were above the threshold population size and 77% were D genotypes (Landa et al. 2006).
Collectively, these findings suggest that D-genotype strains play a dominate role in TAD even
though other genotypes occur in PNW TAD fields (McSpadden Gardner et al. 2000; Weller et al.
2007).

Whole genome sequencing has brought more clarity to diversity within the DAPG-
producing pseudomonads (Loper et al. 2012), placing them into at least three species: P.

fluorescens, P. protegens and P. brassicacearum. D-genotype strains are now recognized as P.
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brassicacearum (Achouak et al. 2000; Belimov et al. 2007) and include well-studied strains
Q8r1-96, L5.1-96 and Q65¢-80, all from Washington TAD soils. Most interesting is that P.
brassicacearum can be a quasi-pathogen of tomato, causing chlorosis, browning, and necrotic
lesions in plant wounds inoculated with the bacteria (Belimov et al. 2007; Sikorski et al. 2001;

M. -M. Yang and D. M. Weller, unpublished data).

Crop preference. The wheat rhizosphere contains thousands of microbial species,

provoking a question as to how one genotype of the P. fluorescens “complex” can be responsible

for such a powerful natural suppression of take-all. The answer may lie in the mutual affinity of
this bacterium and wheat roots. This affinity enables P. brassicacearum to aggressively colonize
the wheat rhizosphere far better than other genotypes in the microbiome and to maintain
threshold densities throughout the growing season (Raaijmakers and Weller 2001, Weller et al.
2007). Of the genotypes of DAPG producers described so far, several besides genotype D strains
have shown a similar type of crop preference (Weller et al. 2007). For example, P- and K-
genotype isolates have an affinity for pea (Landa et al. 2002) and wheat (Landa et al. 2003),
respectively. The ability of the crop species to enrich for specific genotypes is strikingly
demonstrated in two adjacent wheat and flax fields in Fargo, North Dakota (Landa et al. 2006).
In contrast to the wheat field enriched in P. brassicacearum, the rhizosphere of continuous flax

grown since 1894 is enriched F- and J-genotype strains (41% and 39%) (Landa et al. 2006).

Intensity of suppressiveness in TAD Soils. Despite decades of research on TAD,
knowledge gaps still exist as to the conditions that promote specific enrichment of DAPG

producers on wheat, the basis for variation in the length of time required before TAD onset,
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fluctuations in the robustness of suppressiveness among fields and years, and longer-term
breakdowns of suppression (Hornby 1998; Kwak and Weller 2012). Kwak et al. (2009)
addressed the question about whether development of tolerance to DAPG in Ggt isolates could
explain variation in the robustness of suppressiveness among fields. Although Ggt isolates within
a given field differed in antibiotic sensitivity, those from TAD and conducive fields did not differ
significantly (Kwak et al., 2009). It is not likely that Ggr will develop tolerance in the field
because the antibiotic attacks basic cellular pathways such as membrane permeability, reactive
oxygen regulation, and cell homeostasis in the pathogen (Kwak et al. 2011).

Another factor in the variation in time for TAD onset of TAD and the robustness of
suppressiveness could be the differential ability of wheat cultivars to initiate and sustain take-all
suppressiveness. Wheat cultivars and crop species differ in how well they support DAPG-
producing pseudomonads and DAPG production (Mazzola et al 2004, Kwak et al 2012, Notz et
al 2001) and the expression of plant defense genes in response to colonization by DAPG
producers (Maketon et al. 2012). At this time, we know of no wheat breeding program focused
on improving the supportiveness of cultivars to microbes involved in natural disease
suppressiveness. This is certainly an area with tremendous potential for enhancing the
consistency and effectiveness of TAD and soil suppression in other systems.

Conclusion: If the rhizosphere holds the key to the next Green Revolution, whereby the
development of innovative new varieties and management practices will allow plants to be far
more capable of recruiting and utilizing beneficial microbes in the soil microbiome for growth
promotion and disease defense, then TAD soils like those in TAD are models for elucidating
how roots signal, enrich, and sustain beneficial microbes that come to the aid of plants under

pathogen attack.
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Natural Suppression of Rhizoctonia

Rhizoctonia solani (syn. Thanatephorus cucumeris) is a basidiomycete in the Order
Cantharellales, Family Ceratobasidiaceae. This fungus is really a large species-complex of
genetically distinct anastomosis groups that are classified based on their ability to fuse with
vegetatively compatible members of the same group and exchange dikaryotic nuclei. Presently
thirteen AGs have been described (Carling et al. 2002), which vary from having a narrow (AG-3
on Solanaceae) or wide (AG-4) host ranges. These pathogens primarily cause root rots, damping-
off, and rots of below-ground storage organs (tubers). They do not form true spores, they survive
by forming sclerotia or dark thick-walled monilioid hyphae that can survive in plant residue. The
sexual basidiospore stage is rare in most AG-groups (except AG-1 which causes leaf blights on
soybeans and corn). There are cases for which natural suppression of this disease has been well

documented: AG-8 on wheat AG-2-2 on sugar beets.

R. solani AG-8 in Australia. AG-8 causes bare patch and root rot of wheat. First
discovered in Australia in the 1930s (MacNish and Neate 1996). The disease is characterized by
irregularly-shaped patches meters in diameter that suffer complete yield loss. The clearly defined
patches caused by AG-8 simplify assessment of the spatial and temporal distribution of bare
patch. The disease became much more severe following the wide adoption of no-till in Australia
in the 1970s. With direct-seeding, the crop is planted directly into the previous year’s residue or

stubble.

In South Australia, at a site near Avon, Rhizoctonia bare patch development decreased

after 5 years of continuous no-till wheat and essentially disappeared after 10 years. The
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suppression was present across a wide range of soils (Roget et al. 1999), was biological in nature
(Wiseman et al. 1996), involved either mesofauna or macrofauna (Gupta and Dumitrescu 1999),
and and was associated with long-term input of carbon in conservation tillage systems. Culture-
based methods suggested that suppression resulted from an interaction between three
phylogenetically distinct groups of bacteria, Pantoea agglomerans, Exiguobacterium acetylicum,
and Microbacteria (Barnett et al. 2006). Similar soils suppressive to Rhizoctonia were found in

Western Australia (MacNish 1988).

With the development of next-generation sequencing techniques in the late 2000s, a
group of researchers attempted to further characterize these microbial communities at the Avon
site and a non-suppressive site at Minnipa (Penton et al. 2014). This work concentrated on fungal
communities and used both pyrosequencing to characterize the amplified DNA of the 28S Large
Subunit (LSU) rRNA genes and T-RFLP (terminal restriction fragment length polymorphism).
Xylaria, Bionectria, and Eutypa were more abundant in the Avon suppressive soil at both time
points, and the non-suppressive Minnipa soils were dominated by Alternaria and Davidiella
(Cladosporium). Gibberella (Fusarium) was one of the most abundant genera in both the
suppressive and the conducive soils, and only a small percentage of genera were shared in all
four samples. Penton et al. (2014) claimed that Hypocreales and fungi with plant pathogen-
suppressive potential were more frequently associated with suppression, although such
generalizations are difficult to prove with only correlative evidence. The work was also limited
by the fact that it was only done for one year, with only two sampling time points, each from a
different part of the soil (bulk soil for the early sample and rhizosphere for the later sample).
Even so, the differences in the abundance of fungal genera were not especially dramatic. Another

limitation was the taxonomic resolution of the 28S LSU sequencing as compared to ITS
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sequencing with pyrosequencing. Even at the level of genus, there may still have been
considerable diversity that was not detected.

In another study, Donn et al. (2014) examined the role of bacteria in Rhizoctonia
suppression by using both a 16S rRNA microarray focused on bacteria and T-RFLP to detect
bacterial and fungal communities. Asaia spp. and Paenibacillus borealis were present in the
Avon suppressive soil, but absent from a paired non-suppressive site (Galong). Pseudomonas
was more abundant inside active disease patches than outside of patches in Galong, but the
correlation was not seen at the Harden site. Variovorax and Oxalobacteriaceae were also higher
inside than outside of patches in Galong. Suppression could not be transferred from Avon to
Galong, possibly because of different soil types. Bacterial and fungal communities did not differ
inside and outside of patches in Galong. However, in stubble retention (direct-seeded plots),
they saw differences between fungal and bacterial communities inside and outside of patches.
However, there was no evidence of specific suppression in the Galong site based on
transferability in greenhouse bioassays, suggesting a more general non-specific suppression
operating due to the addition of carbon to the system. The use of the microarray was another
limitation of the study because microarray techniques survey only a small fraction of the total

diversity that can be analyzed with sequencing techniques.

Wheat plants were grown in soils from 20 Australian locations including the Harden site,
rhizosphere soil DNA was extracted, pyrosequenced with bacterial 16S rRNA primers, and
tested with primers for DAPG and phenazine antibiotic synthesis genes. The Harden site was the
only one with DAPG producers, and it also had significantly more abundant Flavobacterium,

Oxalobacteriaceae, and Enterobacteriaceae than the others. Two sites with high levels of
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Rhizoctonia on the Eyre Peninsula in South Australia also showed much higher abundance of

Oxalobacteriaceae and Pseudomonas than the others (Paulitz et al. 2012).

Suppression of R. solani in the PNW. R. solani AG-8 was discovered in the PNW
(Weller et al. 1986) in the mid 1980s, when direct-seeding was just becoming more widespread
in the area. Several lines of evidence, much of it from a site near Ritzville, WA, indicate that
Rhizoctonia decline can occur in the PNW. In a long-term rotation study initiated in 1998 on a
conventionally-tilled farm that was converted to direct seeding at the initiation of the experiment,
Rhizoctonia patches began to appear after the second year and were mapped by high resolution
GPS over twelve years. The patch area peaked in year seven and since then has declined
significantly (Schillinger and Paulitz, 2014). Soil cores from the center of patches, patch
margins, and outside of patches were planted monthly with cycles of barley for more than nine
months in the greenhouse. Barley initially was stunted in all cores from the center of the patches,

but in over half of those cores the barley was healthy by the end of the study (Paulitz et al. 2003).

For two years while the patches in plots of continuous wheat were declining, rhizosphere and
bulk soils were sampled from inside of patches, outside of patches, and from patches that had
disappeared or recovered (Yin et al. 2013). Acidobacteria and Gemmatomonas were present at
higher frequencies in healthy areas outside of patches and Dyella and Acidobacteria group 7
were more prevalent in the recovered patches, but the most interesting bacterial groups were
those consistently more abundant on diseased roots (rhizosphere) inside of patches:
Flavobacterium, Chryseobacterium, Chitinophaga, Pedobacter and members of the family
Oxalobacteriaceae. These same trends with Flavobacteria were verified in the field by qPCR. To

determine whether this phenomenon could be reproduced in the greenhouse, soil from an
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adjacent conventionally tilled field was inoculated with R. solani AG-8 and cycled with
successive plantings of wheat. As expected, the wheat was stunted in the first cycle but by the
third cycle it was healthy, and pyrosequencing confirmed the increase in Flavobacterium and
members of the Oxalobacteraceae in the rhizosphere. As a final proof of concept, a “Koch’s
postulates” experiment was performed with Chryseobacterium soldanellicola strains isolated
from the diseased roots. In a greenhouse bioassay with inoculated soil, these strains showed
biocontrol ability and significantly reduced disease. This study is among the first to have gone
beyond simple correlative associations to demonstrate that a specific organism identified by
community analysis could actually suppress disease. However, it remains to be determined

whether suppression also may involve interactions with additional taxa or microbial networks.

The data from Rhizoctonia suppression in Washington State were later analyzed by network
analysis, which uses correlation and other statistical techniques to group OTUs into nodes
connected by links of positive or negative associations (Poudel et al. 2016). Visualization of
correlations in the microbiome data using network analysis (Poudel et al. 2016) revealed three
large nodes were associated with rhizosphere bacteria in diseased patches, rhizosphere bacteria
from healthy plants, or bulk soil in areas of healthy wheat. This networking technique allows the
visualization of groups that may not be evident by other techniques, but it is only based on
correlations which may result from interactions among organisms or because multiple organisms

may adapt to a similar niche.

Rhizoctonia AG 2-2 on sugar beets. Rhizoctonia causes patches in sugar beets, but unlike
those in wheat, they do not seem to occur in the same place from year to year. Anees et al.

(2010) inoculated a field with AG-2-2 and found higher inoculum levels of the pathogen inside
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patches by using qPCR. Communities inside and outside of the patches were characterized using
Biolog and T-RFLP of the ribosomal 16S and 18S genes for bacteria and fungi, and no
differences were found between bacterial communities, but fungal communities differed inside
and outside of the patches. More Rhizoctonia and Trichoderma were found inside of the patches,
and a number of the Trichoderma isolates showed biocontrol activity. However, only about 300
fragments for fungi and bacteria were identified, yielding much less taxonomic depth than

obtained with sequencing techniques.

A technique developed before pyrosequencing is an oligonucleotide microarray based on
16S rRNA genes. Called the PhyloChip, this approach can give a better depth of taxa than T-
RFLP. Using a 16S rRNA oligonucleotide microarray Mendes et al. (2011) found that y and B-
Proteobacteria were associated with suppression. They were able to isolate and characterize
suppressive Pseudomonas spp. that produced a lipopeptide with antifungal activity. Biological
control activity of the straings was abolished when a gene in the lipopetpide biosynthesis
pathway was inactivated. Using the same suppressive soil system, Chappelle et al. (2016) found
that a few specific transcripts that were more highly associated with inoculated treatments
(HtrA/Sec secretion systems, guanosine-3,5-bispyrophosphate ((p)ppGpp) metabolism and
oxidative stress response), which led the authors to suggest a model in which bacteria on

diseased roots respond to oxidative stress generated by the pathogen and oxalic acid.

Conclusions. A unified theory of Rhizoctonia suppression remains elusive. Part of the
difficulty is that various studies have focused on either fungal or bacterial communities and also
used techniques that are difficult to compare. Some research groups assume that the interaction
with the pathogen occurs in the infection court - the rhizosphere — and because of the well-

known rhizosphere effect, these studies have focused on bacteria and the involvement of
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antibiosis. Indeed, there is a growing body of evidence that diseased roots support a unique
bacterial community antagonistic to the pathogen and consisting of copiotrophs such as the
Oxalobacteriaceae, Pseudomonadaceae, and Sphingobacteriales such as Flavobacterium and
Chryseobacteria. The leaky roots attacked by Rhizoctonia may provide an ideal carbon source
for these bacteria. But is this a type of specific suppression? Or is it a form of general
suppression based on carbon inputs and microbial activity, as suggested by Donn et al. (2014)?
Or do fungal communities influence the survival of Rhizoctonia in sclerotia or infected roots, or

interfere with hyphal growth through the soil prior to infection?

Streptomyces in Plant Disease Suppression

Streptomyces life-history and their interactions with plants and microbes.
Streptomycetes, gram-positive actinomycetes, are predominantly soil saprophytes and found
ubiquitously in soils, sediments, and other environments throughout the globe (Siepke et al.
2012). Streptomyces synthesize many siderophores and degradative enzymes (e.g. chitinases) to
break down complex substrates (Chater et al. 2010; Hjort et al. 2009) and are exceptional
producers of a diverse array of antibiotic compounds with wide ranging abilities to inhibit the
growth of competitors (Watve et al. 2001). Antibiotic production by Streptomyces is often
coupled with their complex developmental cycle, wh ich in turn is triggered by resource
availability in the environment (Kieser et al. 2000). Streptomyces grows vegetatively to colonize
substrates when resources are abundant, but when resources are depleted, substrate mycelia
undergo programmed cell death to feed the growth of aerial reproductive hyphae. Antibiotic
production typically occurs at the onset of aerial hyphae formation, and is believed to defend the
resources released by the dying substrate mycelia (Siepke et al. 2012). Finally, aerial hyphae

differentiate into chains of stress-resistant spores that can survive long periods of time in soil
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(>20 years). In addition to resource availability, intra- and inter-specific signals are critical
mediators of Streptomyces differentiation and antibiotic production (Becker et al. 1997; Takano
2006; Traxler et al. 2013; Ueda et al., 2000; Wang et al. 2014). Together, the suite of
extracellular enzymes and antibiotics are key determinants of Streptomyces fitness and allow
them to effectively compete with other microbes in soil through resource and/or interference
competition with other microbes including plant pathogens (Williams et al. 1989; Neeno-
Eckwall et al. 2001; Kinkel et al. 2014; Hiltunen et al. 2009).

Because of their strong capabilities to compete for plant-produced resources including root
exudates and dead plant tissue, Streptomyces form intimate associations with plants and are
common colonists of the rhizosphere and endosphere (Cao et al. 2004; Viaene et al. 2016;
Franco et al. 2016). The impacts of plant-symbiotic Streptomyces on plant health range from
beneficial to pathogenic. Many strains have been described that promote plant growth through
the production of plant hormones or solubilization of nutrients, whereas other strains can induce
plant resistance or defend plants from pathogens via antibiosis or competitive exclusion (Schrey
and Tarkka 2008; Siepke et al. 2012; Kinkel et al. 2012). A small number of Streptomyces
species produce thaxtomin phytotoxins and are responsible for economically important plant
diseases, including common and acid scab of potato and other tuber crops (Bignell et al. 2014).
Thaxtomin, a necessary virulence factor for pathogenic Streptomyces, contributes to disease by
inhibiting the synthesis of cellulose, ultimately leading to plant cell death. Thaxtomin
production is induced by plant cell wall components, most notably cellobiose (Lerat et al. 2009).
The genes responsible for thaxtomin production lie within a pathogenicity island (PAI) that
includes a number of other virulence factors including genes for nitric oxide production and

secreted proteins (Bignell et al. 2010). The thaxtomin PAI can be horizontally transferred
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between Streptomyces species, resulting in the emergence of new pathogenic strains (Loria et al.

2006, Lerat et al. 2009).

Natural suppression of potato scab. There are numerous cases of suppression to potato
scab developing in response to long-term potato monoculture (Menzies et al. 1959; Lorang et al.
1989; Meng et al. 2012). For example, Menzies (1959) first described an absence of scab
symptoms in old fields repeatedly cropped to potato in the Columbia Basin of central
Washington State, whereas scab was common in nearby soils with less than 15 years of

monoculture. In pot assays in the field, repeated potato plantings in suppressive soil led to scab

decline after one crop cycle whereas severe scab occurred after repeated plantings in virgin soils.

Similar observations were made in a potato scab plot in Grand Rapids, Minnesota after more
than 20 years of monoculture (Lorang et al. 1989), and in East Lansing, Michigan after over 25
years of monoculture (Meng et al. 2012). In each of these cases suppressiveness was
transferrable to conducive soil and eliminated by steam or heat treatments. In some cases, such
as in Minnesota (Anderson, N. A., personal communication) and in scab-suppressive soils in
Eastern Europe (Saragova-Mareckova et al. 2015), suppression appears to be resilient to
rotations with non-potato crops, suggesting the potential for stable, long-term disease
suppression.

Kinkel et al. (2012) compared Streptomyces communities from the Grand Rapids
suppressive soil and adjacent conducive fields and found that suppressive soils harbored higher
frequencies of inhibitory isolates with greater intensities and diversities of antibiotic activities
than isolates from conducive soils. Pathogen-antagonistic Streptomyces strains isolated from
tubers grown in the suppressive soils were effective colonizers of tubers when re-inoculated into

conducive soil and significantly reduced potato scab in successive growing seasons (Liu et al.
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1995; Liu et al. 1996; Bowers et al. 1996). This work suggests that a buildup of high densities,
frequencies, and diversities of pathogen-antagonistic Streptomyces in soil plays a key role in
natural suppression of potato scab by acting as a reservoir for a diverse suite of tuber-colonizing
antagonists (Ryan and Kinkel 1997; Wanner 2007). However, further work using antibiotic-
resistant S. scabies mutants indicated that some Streptomyces strains can reduce S. scabies
populations even when the pathogen is not sensitive to antibiotic inhibition (Neeno-Eckwall et al.
2001). Thus, both antibiotic inhibition and competition between pathogenic and non-pathogenic
Streptomyces are likely to be important mechanisms of natural suppression of potato scab.
Recent work using both culture-dependent and -independent methods to compare microbial
communities in scab-suppressive soils with communities in adjacent conducive soils in Michigan
also suggests that pathogen-antagonistic Streptomyces may play a role in disease suppression
(Meng et al. 2012; Rosensweig et al. 2012). However, these studies also implicate other
bacterial lineages with known antagonistic activities (fluorescent Pseudomonas, Bacillus, and
Lysobacter species). Thus, although research on potato scab-suppressive soils has largely
implicated non-pathogenic Streptomyces as the agents responsible for suppression, evidence is
accumulating that interactions among a broad range of bacterial and fungal taxa contributes to

scab suppression.

Natural suppression of other diseases by antagonistic Streptomyces. Streptomyces are
also involved in natural suppression of non-streptomycete plant pathogens. In soil under a long-
term (more than 40 years) cauliflower monoculture that had developed suppression to
Rhizoctonia solani AG2-1, Postma et al. (2010) found greater densities of filamentous
actinomycetes in suppressive soil versus conducive soils and that Streptomyces comprised a

significant portion (21%) of bacterial antagonists against R. solani. In this system, antagonistic
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Lysobacter species were also implicated as an important component of disease suppression. In a
recent investigation of a soil suppressive to Fusarium wilt of strawberry, Cha et al. (2016) found
that suppressive soils differed in bacterial community structure and had consistently higher
relative abundances of actinomycetes than did conducive soils. Using this information as a
guide, a ‘representative actinomycete’ was isolated and identified as a Streptomyces species. It
was demonstrated to have antagonistic activity against F. oxysporum, and was also an efficient
colonist of the strawberry rhizosphere in the presence of the pathogen. Genome mining and
subsequent mutation experiments suggested that this isolate conferred suppression by producing
a novel thiopeptide antibiotic that inhibits fungal cell wall synthesis. This study demonstrates
the power of novel sequencing approaches for understanding the microbial players involved in

disease suppression and the mechanisms by which they protect plants from pathogens.

Amendment-induced suppression by Streptomyces. The use of organic amendments or
green manures is often explored as an environmentally friendly means to control soilborne
pathogens by selective enrichment for populations of pathogen antagonists (Mazzola 2007). As
efficient soil saprophytes, Streptomyces are especially likely to respond to incorporation of
organic material into soil, and are often implicated as microbial agents responsible for
amendment-induced suppression (Mazzola et al. 2007; Wiggins and Kinkel 2005ab; Tomihama
et al. 2016; Klein et al. 2013). For example, Klein et al. (2013) amended soils with wild rocket
(Diplotaxis tenuifolia) to enhance the general suppressiveness to F. oxysporum f. sp. radicis-
cucumerinum and characterized root-associated microbial communities in relation to
suppression. The relative abundance of root-associated Streptomyces was higher in amended
(suppressive) soils than in non-amended (conducive) soils. Because this shift also appeared in

non-inoculated controls, the induced suppression was thought to occur independently of the
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presence of the pathogen. By examining shifts in the actinobacterial community, these
researchers found that a population of S. humidus believed to be antagonistic to phytopathogenic
fungi dominated root actinobacteria three days after amendment. However, other potential
antagonists also increased in suppressive soils (Bacillus, Paenibacillus, Rhizobium). Similarly,
Tomihama et al. (2016) used rice bran amendments to induce suppression to potato scab. In this
system, reductions in potato scab were associated with increases in the relative abundances of
Streptomyces. Moreover, most Streptomyces isolated from potatoes after amendment displayed
pathogen-antagonistic activity, and many of these reduced scab when reinoculated in field trials.
These studies demonstrate the role that indigenous, pathogen-antagonistic Streptomyces can play

in amendment-induced disease suppression in diverse pathosystems.

Conceptual model for Streptomyces-based disease suppression. Though many attempts have
been made to suppress disease directly via inoculation of Streptomyces (biocontrol) or indirectly
through soil amendments, they have generally met with mixed success (Mazzola 2007,
Bonanomi et al. 2010). Long-term monoculture appears to provide the most consistent strategy
to achieving long-lasting suppression in Streptomyces systems (Menzies 1959; Meng et al. 2012;
Lorang et al. 1989; Postma et al. 2010). Consistent with field studies where the densities of
pathogen-antagonists in soil were negatively correlated with disease (Wiggins and Kinkel
2005a,b), long-term experimental monocultures in a plant diversity manipulation at the Cedar
Creek Ecosystem Science Reserve (a non-agricultural setting) also harbored consistently greater
proportions of antagonistic Streptomyces than more diverse plant communities (Bakker et al.
2013; Schlatter and Kinkel, unpublished). Subsequently, Essarioui et al. (2016) found that
Streptomyces isolated from these monocultures had greater similarity in carbon use profiles than

those from polycultures, suggesting that resource competition in monocultures selects for highly
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antagonistic Streptomyces populations. Based on these observations, a model was proposed
where resource competition in monocultures drives density- and frequency-dependent selection
for antibiotic phenotypes, thus generating highly pathogen-antagonistic Streptomyces
communities (Kinkel et al. 2011; Kinkel et al. 2012). Over multiple generations of microbial
growth, reciprocal selection for antibiotic inhibitory and resistance traits may generate a
coevolutionary ‘arms race’ among Streptomyces in soil (Kinkel et al. 2014), maintaining both
antagonist densities and diversities of antibiotic phenotypes and contributing to sustained, broad-
spectrum disease suppression (Kinkel et al. 2012). Recent work shows that additional genera,
including members of the genus Fusarium, also exhibit patterns of locally-adapted antagonism
against Streptomyces, suggesting the potential for broad-based coevolutionary arms race
dynamics among diverse soil saprophytes to contribute to pathogen suppression (Essarioui et al.
submitted). Antagonist Streptomyces may serve as a keystone or indicator taxon that stimulates
antagonistic competitive interactions among a broad range of soil taxa, contributing to the
capacities of Streptomyces-based suppressive soils to inhibit a broad range of plant pathogens.
Though eco-evolutionary interactions among Streptomyces and other taxa will certainly
be critical to generating and maintaining pathogen-suppressive phenotypes, there are significant
gaps in our understanding of disease suppression in Streptomyces-based systems. In particular,
the molecular bases of disease suppression and the long- and short-term dynamics of
Streptomyces intra-species interactions with other microbiota, with pathogens, and with plants in

the rhizosphere remain relatively poorly understood.

THEORIES AND HYPOTHESES ABOUT DIEASE SUPPRESSION: CONTRAST AND

COMPARISON OF THE THREE SYSTEMS
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We suggest that the three examples presented here vary along a continuum of specific to general
suppression: the highly-specific disease suppression of take-all; suppression of Rhizoctonia
based on numerous potential antagonists; and scab-suppressive soils that are based on
antagonistic Streptomyces that are associated with a broad general capacity to suppress diverse
other plant pathogens.

Though these soil communities all suppress disease, we hypothesize that the origin and
dynamics of disease suppression vary across the general-specific continuum. It is critical to
understand differences in the ecology of general vs. specific suppression, and especially the
mechanisms by which disease suppressive soil microbial communities develop and the stability
and efficacy of disease suppression. The pathways by which agricultural management might
reproducibly achieve general or specific disease suppressive soil communities represents a
critical challenge for researchers. Using these systems as examples/models, we hypothesize
specific ecological and evolutionary contrasts between specific and general suppression. Our
objective in posing these hypotheses is to stimulate further research to expand our understanding
of disease suppressive soil microbiomes, and to accelerate the development of broad,

generalizable principles of soil microbiomes in relation to disease suppression.

1. H: Specific suppression is population-based; general suppression is community-
based.
Take-all suppressive soils require shifts in specific antibiotic-producing Pseudomonas
populations (Weller et al. 2002). In contrast, while scab-suppression has been investigated
primarily in relation to antibiotic-producing Streptomyces, recent work suggests that the

accumulation of pathogen-inhibitory Streptomyces populations is accompanied by changes in the
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densities or inhibitory activities of diverse non-Streptomyces bacterial and fungal populations in
soil (Mendes et al. 2011, Essarioui et al. 2016, Rosenzweig et al. 2012, Meng et al. 2012).
General suppression is a function of the aggregate capacity of diverse soil microbes to
antagonize pathogen populations. However, differences in microbiome composition, structure,
and diversity among soils varying in general and specific suppressive capacities remains
relatively poorly understood. Understanding the scope of specific populations involved in
suppression, or the extent to which suppression is associated with targeted vs. broad-based
changes in the soil microbiome, is critical because of the potential implications for stability and
longevity (see below). More practically, understanding the breadth of community-wide impacts
sheds important light on the development of appropriate metrics for detection and quantification
of general or specific disease-suppressive capacities in soils. For example, knowledge of the
ways in which networks of species interactions in soil microbiomes in the presence of highly-
inhibitory populations differ from those with weakly-inhibitory populations may be a key
predictor of disease suppression. Because general suppressiveness exhibits broad-based
capacities to inhibit diverse taxa, including many plant pathogens, the potential for fundamental
and “collateral’ shifts in the population structure of the broader soil microbiome is extensive -
and these shifts themselves may be significant to both predicting pathogen impacts and to
sustained suppression. We suggest that a comprehensive focus on soil microbiome structure,
connectivity, and diversity across the range of specific to general disease suppression will
provide important clues into the nature of the disease suppressive activity, and to developing

predictive metrics for specific and general disease suppression.
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2. H: The species interactions that generate specific-disease or pathogen suppression are

different from those that generate general-disease suppression

Specifically, pathogen-antagonist interactions generate specific suppression, while antagonist-
antagonist interactions generate general suppression. Take-all, Rhizoctonia, and scab-suppressive
soils are all a function of monoculture cropping. However, despite apparently similar origins
(monoculture), an important contrast between specific take-all suppression and more general
scab-suppressive soils is that the development of take-all suppression requires the presence of
disease - the pathogen, the susceptible host, and disease-conducive environmental conditions -
for enrichment of suppressive populations. In the case of Rhizoctonia, suppression also develops
after years of significant disease expression. In contrast, highly-antagonistic, scab-suppressive
Streptomyces populations can develop with or without a susceptible host or scab disease (Bakker
et al. 2012; Schlatter et al. 2015, Weinhold and Bowman 1968). This suggests that selection for
specific suppressive capacity within soil microbial communities reflects targeted plant-pathogen
- antagonist interactions, while general suppression, and scab-suppressive populations in
particular, can result from interactions among soil saprophytes that don’t depend upon pathogen
populations or disease. Rather, selection for general suppressive capacity within soil microbial
communities may reflect selection for diverse antagonistic populations within complex networks
of species interactions among soil saprophytes.

What are the implications of distinct species interactions as the origin of different types
of disease-suppressive communities? Identifying the particular species interactions that select
for pathogen-suppressive populations is important for identifying the specific roles of plants,

pathogens, soil abiotic characteristics, and saprophytic populations in generating disease-
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suppressive microbiomes, as well as the ecological, biochemical, and molecular mechanisms
that generate a suppressive soil phenotype. Moreover, understanding the species interactions that
generate positive selection for pathogen-suppressive populations can also shed light on the
fitness tradeoffs or biotic and abiotic conditions that may work against accumulation of
pathogen-suppressive populations in soil. For example, are specific suppressive populations that
result from disease-antagonist interactions in the rhizosphere significantly less fit when
competing with diverse antagonistic saprophytes composing generally-suppressive soil
communities, or when present in bulk soil? For take-all or other soils with specific disease
suppression, understanding both the fitness benefits of pathogen-suppressive phenotypes in the
presence of disease, and the corresponding fitness tradeoffs or costs of those phenotypes in the
absence of disease will be critical to developing enhanced management approaches. Similarly,
for general suppression, understanding the dynamics of competitive interactions among complex
soil populations, and especially how to maintain highly-competitive conditions favoring
suppressive populations in field soils across distinct management strategies, should be a primary
focus of study. Will it be possible to maintain populations having both highly specific and
general suppressive capacities in soil microbiomes, or are there significant factors that constrain
the capacity to sustain both specific and general suppressive populations across the selection
landscape? Fundamentally, understanding which particular species interactions impose selection
for suppressive populations, and the conditions under which such populations are likely to have
enhanced or reduced fitness, is necessary for focusing research to advance suppressive

management.
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3. H: Selective feedbacks are negative in specific suppressive soils, and positive in
general suppressive soils.

If different species interactions impose selection for specific vs. general suppression, the
ecological and evolutionary dynamics of suppression in the two systems will have fundamentally
different dynamics. Because antagonists in specific suppression are selected in the presence of a
particular pathogen which is sensitive to the antagonist, specific suppression will exhibit a
negative feedback dynamic with disease (Figure 1). Thus, for example, within the take-all
system: (i) disease imposes selection for specific pathogen-suppressive population; (ii)
pathogen-suppressive population reduces disease frequency and intensity; (iii) there is a loss of
positive selection for the disease-suppressive population; (iv) pathogen-suppressive populations
decline; and (v) disease increases. This negative feedback requires continued engagement of the
pathogen in selection for the antagonist(s), and results in a continually-cycling selection
landscape.

In contrast, in general suppression, with no explicit pathogen role in selection,
directional, positive feedbacks in the development and maintenance of antagonistic populations
are possible (Figure 2). Specifically, antagonistic and competitive interactions within the highly-
diverse network of interacting soil populations may be likely to be self-reinforcing. Competition
begets selection for ever-better competitors, so that positive feedbacks may serve to reinforce
suppressive potential. In general suppression, pathogen populations suffer apparent collateral
damage stemming from competitive interactions within the saprophytic soil microbiome. Note
that the competitive dynamics within the community may conceivably induce either arms race or
niche differentiation coevolutionary dynamics (or perhaps a combination of both occurring

simultaneously). Though these coevolutionary trajectories will yield communities with
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substantially different functional characteristics (highly antagonistic vs. very niche-
differentiated), it may be that either one could result in general pathogen suppression through
different mechanisms. However, the pathogens that may be inhibited by highly-antagonistic
populations may be quite different from those that are sensitive to strong resource competition
(Alabouvette 1986). In either case, positive feedbacks offer the potential for sustained
directional selection to maintain and enhance selection for general suppression, in contrast to
specific suppressive soils in which intermittent disease/pathogen pressure is required to maintain
suppression.

The distinct feedback relationships within specific vs. general suppressive populations
have significant implications for the development of practical management approaches for
optimizing disease suppressive capacities within soil microbiomes. For example, with specific
suppression, crop rotation (growing a non-host) can reduce or eliminate the disease, so acts as a
negative feedback to reduce the suppressive capacity of the soil community. This suggests a
potential challenge in management to both minimize disease and maximize disease suppressive
potential. In the case of general suppression, consideration of pathogen dynamics is less critical
to management. Instead, factors that influence antagonist competitive interactions are likely to
be much more important to disease suppression. Thus, for example, cover crops or green
manures may offer a significant food source that generates positive selection for microbial
competitive interactions among microbes able to quickly utilize the substrate. Ultimately,
management to enhance suppression will require a clear focus on the distinct interactions that
select for disease suppressive populations or communities, and an understanding of the feedback

dynamics associated with those selection events.
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4. H: General suppression may be more stable than specific suppression over time,
space, management, crop rotation, and in the presence of disturbance.

Stability of disease suppression is an important practical goal. Thus, understanding the
sensitivity of pathogen-suppressive microbiomes to disturbance or to variation in biotic or abiotic
conditions is a key consideration. It could be argued that specific suppression is likely to be less
stable over time than general suppression because of the limited breadth and diversity of
populations contributing to pathogen suppression and because monoculture must be maintained
or the suppressiveness is lost or reduced. On the other hand, to elevate general suppression to a
state greater than that found in typical conducive soil, amendments must continually be added to
stoke the microbial burn. Diversity is well-established to confer functional stability across a
wide range of ecological communities, which would suggest that a diversity of pathogen-
suppressive populations will produce more stable function (disease suppression) than a limited
collection of antagonists. In suppressive soils, the value of diversity may reflect multiple
distinct mechanisms. First, individual antagonistic populations will be much more sensitive to
disruptions, and much more variable in densities over time and space, than entire communities.
Second, a broad diversity of antagonistic populations engaged in pathogen suppression offers
substantial potential for complementarity in activities across a range of biotic and abiotic
conditions, and can minimize the likelihood of pathogen “escape’ from suppression. Finally,
presence of diverse suppressive populations engaged in distinct means of pathogen suppression
will minimize the likelihood that pathogen populations may develop resistance to suppression.
Thus, diversity of antagonistic populations within general suppressive soils offers multiple

strategies for enhancing the ecological and evolutionary stability of pathogen suppression.
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Despite the hypothesized greater stability of general vs. specific suppressive soil, there
are specific-suppressive soils that have been shown to confer long-lasting, stable disease
suppression. Thus, in the PNW and across the U.S., TAD has effectively suppressed take-all in
fields cropped continuously to wheat for decades, and even when wheat monoculture is broken,
specific suppression of take-all returns after only one or two crops of wheat. Furthermore, soils
from the Chateaurenard region of France have maintained suppressiveness to Fusarium wilts for
hundreds of years. This raises intriguing questions about the extent to which specific
suppressive populations may have cryptic diversity that sustains their presence over fluctuating
biotic and abiotic conditions, or whether these populations may have in some cases effectively
sidelined the target pathogen population for good. Further investigation of the stability of
specific and general suppressive soil microbiomes is needed. Ideally from a grower perspective,

a suppressive system should be both stable and able to be rapidly developed.

5. H: Biotic and abiotic soil characteristics that influence receptivity to conversion differ
for specific vs. general suppression.

The distinct ecological and evolutionary mechanisms hypothesized to generate specific
and general suppressive soil communities suggest important differences in the limiting factors to
the establishment of specific vs. general suppressive soil communities. In specific suppression,
the presence of the pathogen, the susceptible plant host, and environmentally disease-conducive
conditions are all required to convert from conducive to suppressive soil. In contrast, general
suppression may be more likely to be a function of (bulk) soil nutrient characteristics, coupled
with the evolutionary potential (density and diversity) of the soil saprophytic community. Rates

of conversion of soil communities to enhanced levels of general-disease suppression will be
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increased by high evolutionary potential within soil microbial communities. In addition, soil
nutrient characteristics are significant to general suppression, presumably due to their key role in
mediating saprophytic competitive interactions within the soil microbiome. Both high soil
organic matter and limited soil nutrient diversity are hypothesized to enhance conversion to
increased general suppression due to their direct impacts on total microbial densities and the
intensity of competition within the microbiome.

In contrast to general suppression, bulk soil nutrients have apparently little effect on
conversion to specific suppression, though rhizosphere nutrient fluxes may be critical factors in
ways not yet understood. Similarly, while pathogen populations are not viewed as playing a
direct role in enhancing general suppression, pathogens may play indirect roles in mediating the
development of general suppression via their impacts on soil nutrient characteristics (e.g. through
saprophytic growth or shifts in plant contributions to soil nutrients). Further research on both the
soil and rhizosphere nutrient characteristics supporting the conversion or enrichment of general
and specific disease—suppressive capacities within soil microbiomes, the relationships between
soil community evolutionary potential and conversion dynamics, and the direct and indirect
effects of pathogen populations on conversion are needed across a range of general-to-specific

suppressive soil communities.

NEW APPROACHES FOR UNDERSTANDING DISEASE-SUPPRESSIVE

MICROBIOMES

New technologies have made it possible to characterize the composition, functional potential,
and activities of microbial communities and their relationships with plants and pathogens at an

unprecedented scope and level of detail. Recent DNA-based methods, enabled by high-
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throughput (HT) sequencing (HTS) of PCR-amplied platforms (eg. [llumina MiSeq/HiSeq,
IonTorrent, PacBio) have revolutionized microbial ecology. Most commonly, profiling of PCR-
amplified marker genes [eg. 16S ribosomal RNA, ITS (internal transcribed spacer), COI
(cytochrome oxidase I)] from environmental samples at depths of thousands to hundreds-of-
thousands of sequences per sample now allows researchers to efficiently characterize the
diversity of microbial communities. As read length, accuracy, and accessibility continue to
improve and costs decline, these tools are expected to become routine in the lab and in the field
for understanding microbial communities. Network analyses are another tool to provide a means
for characterizing and contrasting the structure and connectivity of microbial co-associations
among communities having diverse functional characteristics (Poudel et al., 2016).

Despite its power, HT amplicon sequencing has substantial limitations. For example,
sampling strategy, DNA extraction, and PCR amplification can introduce significant bias in
observed communities (Brooks et al. 2015; Kennedy et al. 2014; Song et al. 2015). Variation in
gene copy number among taxa (especially 16S rRNA genes) introduces further bias in observed
sequence counts, rendering HT amplicon sequencing only semi-quantitative (Kembel et al.

2012).

Further, including any relevant metadata, such as soil or environmental characteristics, plant
age or health status, or field history, is invaluable in determining the potential drivers of
microbial communities and will aid in the development of predictive models for microbial
community functional dynamics. Finally, best practices should be followed in every study using
HT amplicon sequencing. These include the use of negative and extraction controls free of

source material to detect contaminant sequences (Salter et al. 2014), sequencing mock
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communities alongside samples to quantify sequencing error rates and calibrate clustering
thresholds (Nguyen et al. 2015; Schloss et al 2016), and replicating a subset of samples within
and between sequencing runs to examine intra- and inter-run variability and bias (Song et al. in
review). Even after generating high quality data, many analytical and statistical challenges
remain and care should be taken to use proper normalization procedures and statistical tests for
sparse, non-normal, compositional count data in downstream analyses (McMurdie and Holmes

2014; Paulson et al. 2013; Thorsen et al. 2016; Weiss et al. 2015).

Because HTS data are noisy, sequences are typically clustered into operational taxonomic
units (OTUs) at a particular similarity threshold (generally 97%). Numerous approaches for
OTU clustering have been developed (Al-Ghalith et al. 2016; Kopylova et al. 2016; Rognes et al.
2016) that fall into three distinct categories based on their reliance on reference databases.
Closed-reference OTU clustering simply finds a best match of a query sequence to a reference
sequence in a database, but sequences without a match (eg. uncharacterized taxa) are discarded.
De-novo clustering approaches don’t rely on a database to define OTUs, and instead cluster all
sequences in a dataset relative to one other to generate OTU bins; thus, taxa without
representatives in a database will be retained. Open-reference approaches are a hybrid of closed-
reference and de novo clustering, first relying on hits to a database and then re-clustering those
sequences failing to hit the database using a de novo approach. Regardless of the algorithm
used, OTU clustering at arbitrary similarity thresholds does not necessarily represent biologically
coherent units. Due to variation in primer specificity, amplicon length, and evolutionary rates,

different markers (eg. variable regions of the 16S, ITS1, ITS2, 18S, 28S) have different



Phytopathology "First Look" paper  http://dx.doi.org/10.1094/PHY TO-03-17-0111-RVW e posted 06/26/2017

This paper has been peer reviewed and accepted for publication but has not yet been copyedited or proofread. The final published version may differ.

10

11

12

13

14

15

16

17

18

19

20

21

22

23

capacities to detect and delineate taxonomic groups and may resolve some groups while binning
others into a single OTU (He et al. 2015; Nguyen et al. 2015; Nguyen et al. 2016). However,
recently developed ‘denoising’ methods may offer robust alternatives to OTU clustering and
improved sensitivity to resolve single base pair polymorphisms (Callahan et al. 2016; Edgar
2016). Still, because functional characteristics of microbes such as antibiotic production or
resource use can be highly variable within species-groups with identical marker gene sequences,
the functional characteristics of an OTU cannot be confidently inferred even with a genus- or
species-level taxonomic identification. For example, a Pseudomonas or Streptomyces OTU
found in a sample will not necessarily be an antibiotic producer involved in disease suppression.
Thus, care must be taken not to over-interpret community sequence data, and patterns found
among individual OTUs with hypothetical functions should be confirmed by using
complementary approaches for quantifying taxon abundances or functional characteristics (Yin
et al., 2013). Further, including any relevant metadata, such as soil or environmental
characteristics, plant age or health status, or field history, is invaluable in determining the
potential drivers of microbial communities and will aid in the development of predictive models
for microbial community functional dynamics. Finally, best practices should be followed in
every study using HT amplicon sequencing. These include the use of negative and extraction
controls free of source material to detect contaminant sequences (Salter et al. 2014), sequencing
mock communities alongside samples to quantify sequencing error rates and calibrate clustering
thresholds (Nguyen et al. 2015; Schloss et al 2016), and replicating a subset of samples within
and between sequencing runs to examine intra- and inter-run variability and bias (Song et al. in
review). Even after generating high quality data, many analytical and statistical challenges

remain and care should be taken to use proper normalization procedures and statistical tests for
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sparse, non-normal, compositional count data in downstream analyses (McMurdie and Holmes
2014; Paulson et al. 2013; Thorsen et al. 2016; Weiss et al. 2015).

Identifying members of a soil microbial community to the genus or species level does not
precisely characterize the functional capabilities or activities of the community. Metagenomics,
in which all DNA extracted from a sample is sequenced in parallel, can offer additional insight
into the diversity and functional potential of microbial communities. Because this technique
does not rely on PCR, it lacks primer and amplification biases and can capture a much greater
diversity of organisms and genes. Marker genes and functional genes from the same community
can be analyzed together to generate a snapshot of community composition and functional
potential. Similarly, meta-transcriptomics, or the sequencing of RNA transcripts (RNA-seq),
provides a snapshot of only the portion of the metagenome that is actively transcribed. However,
there are unique analytical challenges for both shotgun metagenomics and meta-transcriptomic
data, including metagenome assembly, binning, gene prediction/annotation, and assignment of
taxonomy to metagenomics reads (Jiang et al. 2016; Kuske et al. 2015; Sharpton 2014; Zhou et
al. 2015). These methods require a much greater sequencing depth to effectively characterize a
complex community, and thus they are much more costly to generate and computationally
intensive to analyze than amplicon-based community profiles (Howe et al. 2014). Further, as
with amplicon profiling, the value of a metagenomic/transcriptomic ‘snapshot’ and the linkages
between meta-genomic and transcriptomic information and meaningful soil processes can be
unclear (Prosser 2015). For example, treatments that induce subtle changes in community
activity may only be apparent in transcriptomes, while not affecting the gene content of a
metagenome. In contrast, treatments that impose selection on some taxa will be apparent in

marker gene profiling, but combinations of metagenomics and metatranscriptomics will further
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allow for the identification of not only who is responding, but in what way. Single-cell -omics or
fine-scale genomic reconstruction may provide insight into evolutionary responses of
populations. Like other methods, the use of omics tools should be carefully considered in the
context of their strengths and limitations to effectively answer a scientific question or hypothesis
of interest.

DNA-based methods are only one of many emerging technologies that will be invaluable for
dissecting microbiomes of suppressive soils. Recent advances in metabolomics, proteomics,
stable-isotopes, and microscopy/imaging not detailed here are proving to be powerful tools for
investigating the microbes, genes, and molecules involved in microbial interactions among
community members and with plants and pathogens. Combinations of complementary
approaches will be especially useful for understanding disease suppressive systems. For
example, the metabolism of plant-produced compounds may be tracked through soil food webs
using stable isotopes, centrifugation, and HT sequencing (DNA-SIP; Coyotzi et al. 2016).
Integrating new and emerging technologies with traditional approaches will prove powerful for
advancing our understanding of suppressive soils (Weller et al. 2002). As new technologies
continue to improve the efficiency and scale of sample preparation and the read length and
quality of DNA sequencing (eg. Boreal Genomics Aurora system, 10x genomics linked reads),
we will be able to gain a more more detailed and complete characterization of plant and soil

microbiomes.
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1 UNDERSTANDING DISEASE SUPPRESSION AS A TOOL FOR DISEASE

2 MANAGEMENT

3 Over the last three years there has been increasing interest in the concept of “soil health.” 2015
4  was the Year of Soil, and 180 papers with the term “soil health” were published in 2016.
5 Companies are marketing tests of soil health such as the Haney (2010) and Solvita tests
6  (Sadeghpour et al. 2016), and growers have become increasingly interested in this concept.
7  These tests are based on organic C and N, respiration and biological activity. Most of the
8  measures of soil health have emphasized soil properties, organic matter and general microbial
9 activity. Is this concept of soil health missing the most obvious connection - a healthy soil will
10  be buffered against pathogen activity? Is disease suppression really a more specific
11  manifestation of this concept? Regrettably, as often happens, different disciplines and research
12 communities are not aware of developments and theories from other disciplines. The real
13 question is: how we can capitalize on these soil health concepts to develop management
14  approaches to achieve sustainable production? How can the take-all/Rhizoctonia/Streptomyces
15  suppression examples help us think through novel approaches or hypotheses?
16 In one respect, specific suppression to take-all is already operating across over 800,000
17  hectares of wheat in the Pacific Northwest (Cook et al. 2003). Rhizoctonia bare patch is

18  primarily seen in this region in early conversion to direct-seed no-till, and there are thousands of
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19  acres that have been in long-term no-till without any acute Rhizoctonia problem. But what about
20  growers that have severe disease - how can they enhance and accelerate the development of

21  suppression? How can they reduce the period of conversion from a conducive soil to one

22 harboring microbial populations in a suppressive equilibrium, thus reducing economic losses

23 during the transition period? Can we describe the starting microbial communities and identify
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those fields that will develop suppression and those that will not? The technology to describe
and characterize the microbiome is becoming increasingly less expensive to the point that
microbial profiles on a field-by-field basis will be available as a commercial service in the near
future. In the same way that personalized genomics and microbiomics are now possible in human
medicine, will this be the future of agriculture? Or are microbial communities too complex to
develop simple predictive models? Will this become the new “snake oil” of agriculture, where
over simplistic prescriptions will be offered, based on technology that may be feasible, resulting
finally in a solution in search of a problem?

A more direct benefit to growers may be knowledge about how cultural practices can
enhance the suppressive capacity of beneficial indigenous microbial populations. For example,
how does crop rotation affect the development and sustainability of suppressive populations?
With take-all, rotation to a non-host crop can break the suppression, but the identity of that crop
can influence how long it will take to revive suppressiveness when returning to monoculture. In
the case of Rhizoctonia, crop rotation may not be as detrimental. In the long-term rotation study
near Ritzville, WA, Rhizoctonia suppression of R. solani occurred in rotation strips with
safflower, mustard, and winter pea (all hosts for the pathogen), raising questions about whether
particular cropping sequences might favor the development of suppressiveness. Tillage is
another variable that growers might exploit. For example, no-till seems to be important to
develop suppression to Rhizoctonia bare patch, possibly because it initially favors disease.
Residue management is another cultural practice that can be exploited. Growers use different
types of machinery to manage residue and increase its decomposition including flail mowers,
choppers, harrows, cultivators, rakes, and sickle bars and chaff spreaders on combines. Does

crop residue play a role in suppression?
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We know that herbicides may also play a role in the development of suppression because
of the “greenbridge” effect on soilborne pathogens (Babiker et al. 2011). Although many root
pathogens persist in soil by colonizing dying roots of crops and weeds, what about the microbial
communities that eventually displace these pathogens on the root? Can they serve as a source of
suppression? Recent work by D. Schlatter et. al. (unpublished) has described bacterial
communities associated with roots killed by glyphosate. They showed that specific bacterial
OTUs are enriched on roots in pots treated with multiple cycles of glyphosate, and more OTUs
are increased by glyphosate than are reduced. Can herbicide timing be part of establishing

suppressive populations?

Cover crops and green manures promoted by National Resource Conservation Service of
the USDA are touted as an important part of soil health. They are being used increasingly,
especially in wetter areas of the U.S. Midwest and South than in the more arid dryland regions.
These practices are designed to maintain a cover year-round to prevent soil erosion, increase
organic matter, and improve soil structure by fostering deeper taproots that can break up tillage
pans. Can these crops, as drivers of soil microbial communities, influence the development of
soil suppressiveness?

The use of substrate amendments to enhance general suppression in perennial and other
high-value crops has been explored recently by Mazzola and Freilich (2017). For example, the
addition of brassica seed meals has been shown to be a biologically-based and effective
management practice for apple replant disease (Weerkakoon et al. 2012, Mazzola et al. 2007,
2015). Similarly, the use of a substrate to shift microbial communities is employed in anaerobic
soil disinfestation (ASD), in which organic substrates are added to soil and then flooded to

produce oxygen stress and stimulate anaerobic communities that produce organic acids and
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alcohols suppressive of pathogens (Hewavitharana and Mazzola 2016, Hewavitharana et al.
2014).

Breeding crop varieties that promote beneficial microbial communities is the approach with
perhaps the greatest potential impact. There is increasing evidence that the cultivar can influence
the composition of the rhizosphere microbial community (Weller, 1986). Mahoney et al. (2017)
showed that the cultivars differentially selected soil bacteria, some of which provided potential
benefits to the host such as pathogen suppression or nutrient mobilization. The development of
cultivars selective for suppressive or biocontrol communities in the rhizosphere has long been a
dream for plant breeding, but until now we have lacked the tools to attempt it (Bakker et al.
2012, Raaijmakers and Mazzola, 2016). The more we understand about the complex microbial
interactions involved in disease suppression, the greater the chances of melding this information
with host plant breeding strategies and specific grower practices and recommendations

supportive of greater crop productivity.
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Figure Legends.

Figure 1. A diagram showing how negative feedbacks are involved in maintaining specific

suppression.

Figure 2. A diagram showing how positive feedbacks are involved in general suppression
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Figure 1. A diagram showing how negative feedbacks are involved in maintaining specific suppression
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