Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 6 December 2021 d0i:10.20944/preprints202112.0069.v1

Review/Opinion

The lack of knowledge on the microbiome of golf turfgrasses
impedes the development of successful microbial products

Uli Stingl ¥, Chang Jae Choi 2, Braham Dhillon ? and Marco Schiavon ¢

1 Department of Microbiology & Cell Science, UF/IFAS Fort Lauderdale Research and Education Center,
University of Florida, Davie F1 33314, USA; ustingl@ufl.edu

2 Department of Microbiology & Cell Science, UF/IFAS Fort Lauderdale Research and Education Center,
University of Florida, Davie F1 33314, USA; changjae.choi@ufl.edu

3 Department of Plant Pathology, UF/IFAS Fort Lauderdale Research and Education Center, University of
Florida, Davie F1 33314, USA; dhillonb@ufl.edu

¢ Environmental Horticulture Department, UF/IFAS Fort Lauderdale Research and Education Center, Univer-

sity of Florida, Davie F1 33314, USA; marcoschiavon@ufl.edu

Correspondence: ustingl@ufl.edu

Abstract: Golf courses have a significant environmental impact. High water demands and the in-
tensive use of agricultural chemicals have been a concern for decades and are therefore in the focus
of efforts to make golf courses more environmentally sustainable. Products based on modifying or
using plant-associated microbiota are one of the fastest growing sectors in agriculture, but their
application on turfgrasses on golf courses is so far negligible. In this review, we summarize the
limited knowledge on microbiomes of golf turf ecosystems and show that the lack of holistic studies
addressing structure and function of golf turf microbiomes, including their responses to intense turf
management procedures, is currently the main bottleneck for development and improvement of
reliable, well-functioning microbial products. We further highlight the endosphere of turfgrasses,
which is easily accessible for microbial cultivation through constant mowing, as the most stable and
protected micro-environment. Many grass species do possess endophytic bacteria and fungi that
have shown to improve the plants’ resistance towards microbial pathogens and insect pests, and
several products using endophyte-enhanced grass varieties are commercially successful. We antic-
ipated that this trend would tee-off on golf courses, too, once a more comprehensive understanding
of golf turf microbiomes is available.
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1. Economic, social and ecological importance of golf courses

Turfgrass areas including lawns, parks, sports fields, and golf courses, support numerous
industries that generate over 58 million USD and cover more than 62 million acres in the
US alone [1,2]. Golf in particular is an enormously popular sport that is being enjoyed by
more than 61 million people worldwide, with the majority of the players being in the US
[3]. The 15,204 golf facilities in the US cover around 2.3 million acres [4], and undoubtedly
provide enormous social, recreational, and economic benefits [5](and quite some frustra-
tion sometimes, to be honest). While the number of golf courses in the US has stayed rel-
atively stable in the last two decades [3,4], globally, it increased between 2005 and 2010 by
around 15% [6] and is continuously growing.
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1.1. Environmental Impacts of Golf

In order to maintain healthy, good-looking, and playable golf surfaces, intense
turfgrass management is necessary and unavoidable. Therefore, golf courses usually have
a significant impact on the environment, including high water usage and consequences of
applications of large amounts of agricultural chemicals. The US Golf Association (USGA)
realized these environmental impacts already in the 1980s and has since been working on
ameliorating the environmental impact of golf by conducting and sponsoring research on
environmental issues related to golf. The USGA Environmental Research Program was
established in 1991 with the main objectives to 1) understand the effects of turfgrass pest
management and fertilization on water quality, 2) evaluate valid alternative pest control
methods, and 3) document the benefits of turfgrass and golf courses to humans, wildlife
and the environment [7].

The annual water usage on a golf course in the US varies a lot by geographical region
but averages around 52,000 m? [8], or around 14 million gallons per course, accounting for
roughly 200 billion gallons in the whole US. Although these estimates are hardly accurate
and too simplistic to be used for reliable national or global estimates [9], they certainly
demonstrate the magnitude of water usage by the golf industry. Drought-tolerant
turfgrass species and cultivars [10-13], increased irrigation efficiency [14], use of wetting
agents [15], as well as use of impaired water sources and rainwater harvesting [16], have
significantly reduced the water footprint of golf courses over the last decades.

In a similar manner, more environmentally friendly organic fertilizer and compost
are increasingly being used to reduce and replace some inorganic fertilizers [3]. Many golf
courses now also have constructed wetlands that act as a habitat for diverse animal and
plant species, but also provide a buffer system where toxic chemicals can be biologically
degraded before entering the ground water [3]. Despite significant progress in making
golf courses ‘greener’ [17], there are still considerable doubts about the (environmental)
safety of certain chemicals on golf courses [18,19].

A typical 18-hole course uses 22,680 kg of dry and liquid chemicals annually, which
is several times more than the amount needed to grow an average crop [3]. While the
majority of these chemicals are inorganic fertilizers, which are also of environmental con-
cern as they sometimes cause groundwater quality degradation and ultimately eutrophi-
cation in connected waterways [20], there are also around 750 kg of pesticides that are
sprayed or applied on a given course per year [21] to control numerous microbial diseases,
insect pests, and damage by nematodes. In the European Union, general use of pesticides
on golf courses is banned and requires special approvals that are granted on case-by case
basis [22]. Although biocontrol methods, either through stimulation of existing microor-
ganisms or through adding novel organisms to the damaged course areas, have been ex-
plored and show promising results, their general application as a common best manage-
ment practice on golf courses has been hampered by unsatisfactory and sometimes irre-
producible results compared to well established chemical pest control [7,23]. In this re-
view, we want to highlight the lack of a general understanding of structure and function
of the microbiome of turfgrasses and especially in golf turf, which is a pivotal factor in
developing commercially successful methods that are based on modifying the turf micro-
biome. We firmly believe that a better understanding of structure and function of the mi-
crobiota in turfgrass ecosystems can lead to much improved microbial products that have
the potential to replace some and to reduce the general usage of chemicals on golf courses
and might provide other benefits that have not been explored yet, including reducing wa-
ter usage.

Since 2003, studies related to “microbiomes’ have exploded in the peer-reviewed lit-
erature [24]. While this explosion is mostly due to work on human microbiomes, studies
on agriculturally relevant microbiomes are also on the rise. Agricultural products based
on the microbiota are one of the fastest growing sectors in agronomy with a Compound
Annual Growth Rate (CAGR) of 15-18% and a predicted value of over 10 billion USD by
2025 [25].
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2. Plant-microbe interactions

Plant-microbe interactions have been extensively studied for more than a century (e.g.,
Beijerinck’s work in the late 19th century on N2 fixation in legumes) leaving hardly any
doubt that plants (as well as animals) and their associated microbial communities form
interdependent functional entities, so called holobionts [26-29]. Well documented benefi-
cial functions of plant-associated microorganisms include improved nutrient uptake,
increased tolerance to different types of abiotic stress factors, and better resistance to
pathogens, among others [30], but vary significantly based on host species and biotic as
well as abiotic factors in the environment. The term ‘“microbiome’ itself was introduced
in 1988, but until recently, it lacked a clear and common definition, mostly due to expo-
nential progress in method development that allowed for more sophisticated studies
that constantly changed our understanding of the complexity of microbial communities
associated with higher organisms [31]. The currently most widely accepted definition of
the “microbiome’ includes both, the ‘microbiota’ (community of microorganisms) and
the “theater of activity’ (structural elements, metabolites/signal molecules, and the sur-
rounding environmental conditions) [31] to illustrate that the activity of the microbes
does depend on the (micro-)environment.

In general, bacteria and fungi dominate plant-associated microbiota, although nem-
atodes, protists, algae, and archaea can also play important roles [30,31]. Under the mi-
crobiota of plants, we define the sum of all microbial communities that directly affect the
physiology of the plant host. These communities include microorganisms on leaves
(phyllosphere), on roots and the immediate surrounding soil (thizosphere), as well as in
the tissue of the plant (endosphere). Endospheric microorganisms might be either re-
stricted to roots or leaves, or be present in both, dependent on host species and the mi-
croorganism. Varying physico-chemical parameters and plant physiology (including
plant exudates) select for specific microbial communities in these niches, resulting in
distinctive and less diverse communities than in the surrounding soil. Concomitantly,
the activity of plant-associated microbes is usually significantly higher than the activity
of those in the surrounding soil [30].

Molecular methods using high-throughput sequencing of nucleic acids have revolu-
tionized microbial ecology and allowed for sophisticated studies of all kinds of environ-
mental and host-associated microbiomes in the last decades [32]. The most commonly
used techniques to study microbiomes include sequencing methods based on analysis of
phylogenetic marker genes (16S rRNA gene for bacteria and archaea, 185 rRNA gene
and ITS for microbial eukaryotes) that can decipher community composition, meta-
genomic sequencing (sequencing of the total DNA of an environment) that can detect
metabolic capacities of whole communities, and metatranscriptomics sequencing (se-
quencing of the total RNA of an environment) that can unravel which metabolic path-
ways are actually actively expressed [33].

3. Lack of comprehensive data on the microbiome of golf turfgrasses

Microbiomes of many plants, including model organisms like Arabidopsis thaliana or im-
portant crops like rice, have been studied in great detail [34,35], but holistic, state-of-the-
art research on microbial communities associated with turfgrasses, especially those used
on golf courses, are lagging far behind (Figure 1). The lack of knowledge is even deeper
as implied by the figure, considering that golf turfgrasses are highly diverse and include
a multitude of different species and cultivars. Bermudagrass (Cynodon spp.) makes up
34% of all US golf acreage, followed by Kentucky bluegrass (Poa pratensis L., 23%) and
annual bluegrass (P. annua L., 11%), but there are many more species that are being used
for golf courses in different geographical regions, or even for different playing surfaces
(tees, fairways, greens, and roughs) on the same course [4].
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Figure 1. Numbers of papers related to specific keywords in the Web of Science Core
collection, illustrating the lack of knowledge on golf turf microbiomes.

While Figure 1 certainly greatly underestimates the number of papers on microbes
in turfgrass systems, mostly due to the use of very specific keywords in the title/ab-
stract/keywords and the fact that the term “microbiome’ was only coined in 1988, it
clearly illustrates a real lack of holistic studies targeting microbiomes in golf turf. Most
microbiological work on golf courses has focused on identifying pathogens, as a re-
sponse to the vast damage that they cause [1].

Comprehensive studies using state-of-the art methodologies in microbial ecology
are (so far) rare in golf turf ecosystems. Xia et al [36] used marker gene analyses to inves-
tigate bacteria and fungi in roots and rhizosphere of four golf turfgrass species (creeping
bentgrass [Agrostis stolonifera L.], bermudagrass, and ultradwarf bermudagrass) in North
Carolina and demonstrated distinct microbiota in these microhabitats, also compared to
bulk soil; the turfgrass species had little impact on microbial community composition in
this study. The rhizosphere communities were more similar to those in bulk soil, and the
root endosphere microbiota was clearly distinct. The bacterial species Pseudomonas ve-
ronii and Janithobactererium lividum, as well as the fungal genus Pseudogymnoascus, were
identified as the most abundant groups associated with plant tissue although phyllo-
sphere organisms were not analyzed in this study. While close relatives of these micro-
bial species have been associated with plant-growth promoting capacities, their function
in turfgrass, as well as their distribution in other turfgrass species and/or other climate
zones warrants further investigation.

Recent data from our labs corroborate some of these results, but also hint at com-
plex mechanisms that govern the assembly of microbial communities related to
turfgrass. Figure 2 depicts a comparison of microbiota of phyllosphere, endosphere, and
rhizosphere microbiota of two cultivars of hybrid bermudagrass [Cynodon dactylon L.
Pers. X Cynodon transvaalensis (Burtt-Davy)] (‘Latitude 36" and ‘TifTuf’, managed identi-
cally at fairway height), and St. Augustinegrass (Stenotaphrum secundatum [Walt.]
Kuntze) managed simulating typical homeowner care. Fungal communities (Figure 2a)
showed more distinct separation between the different grasses than bacterial ones


https://doi.org/10.20944/preprints202112.0069.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 6 December 2021 d0i:10.20944/preprints202112.0069.v1

(Figure 2b), indicating that governing factors that shape these communities, including
physico-chemical conditions (e.g., nutrient content, pH, water content, redox state), but
also potential host-mediated factors (e.g., exudates), might act differently on fungi and
bacteria (and their subgroups). Main bacterial groups included Bacteroidetes, Proteobacte-
ria and Patescibacteria, while fungal communities were dominated by Dothideomycetes,
Sordariomycetes and Agaricomycetes (Choi et al., in prep), a community composition that
differed significantly from the results of Xia et al [36], which were retrieved from a dif-
ferent climate zone (North Carolina versus southern Florida), but also included bermu-
dagrass samples.
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Figure 2. Non-metric multi-dimensional scaling plot of microbial communities (a, fungi; b, bacte-
ria) associated with different microhabitats (colored) on two equally managed cultivars of bermu-
dagrass (Latitude 36 and TifTuf), and an adjacent St. Augustinegrass managed simulating typical
homeowner care.

While there are only a few studies that systematically analyze plant-associated mi-
crobiota in golf turfgrass systems, several studies focus on soil bacteria in turfgrass sys-
tems. Allan-Parkins et al [37] demonstrated that certain management practices do have
an impact on fungal communities in the soils around different playing surfaces and less
of an impact on bacterial communities; microbiota directly attached to the plant or in the
endosphere were not studied. The authors could also show that the soil microbiota var-
ied significantly in different playing surfaces, which could be a result of divergent man-
agement practices. Similarly, Bartlett et al [38]studied soil microbial communities in dif-
ferent playing surfaces on golf courses in the UK. By using fatty acid profiles rather than
sequencing of nucleic acids, the authors also found that communities clustered based on
playing surfaces (tees, fairways, greens).

The impact of the host species on the soil microbiomes around turfgrasses has been
discussed in several studies, although clear answers are still missing. Zhang and Yao
[39] analyzed microbial communities in soils associated with two turfgrass species
(Festuca elata Keng ex E.B.Alexeev, and perennial ryegrass [Lolium perenne L.]). Both fun-
gal and bacterial populations showed significant differences between the two grasses,
but also many overlapping organisms that were present in both. Xia et al investigated
the impact of host species and management practices on soil microbiota in turfgrass and
showed that communities in putting greens differed from those in other playing surfaces
and other habitats, and that defoliation management (=mowing height and frequency),
not host species, was the main factor in shaping the soil microbiota, despite analyzing
very diverse C3 cool-season and C4 warm-season species [40]. The work by Zhu et al
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[41] implied significant impacts of seasons, turfgrass species, soil depth, and growing
season on soil microbiota associated with turfgrass.

Recently, turfgrass seeds of diverse grass species were analyzed for associated mi-
croorganisms [42,43]. The authors documented differences in bacterial communities as-
sociated with climate [43], and the presence of diverse fungal pathogens on/in the seeds
[42]. While many grass species and cultivars used for golf are hybrids, and are usually
grown vegetatively, overseeding of a warm-season grass with a cool- season grass is
common practice in the Southern US and in the transition zone, and pathogens as well
as beneficial microbes associated with the seeds can potentially establish in or around
the plants. Chen et al. [43] showed that the seeds of the three investigated grass species
(red fescue [Festuca rubra L.], tall fescue [Lolium arundinacea (Schreb.) Darbysh.], and
perennial ryegrass) had a core microbiome consisting of 27 genera from the phyla Ac-
tinobacteria, Bacteroidetes, Patescibacteria and Proteobacteria. Another study, focused on
analyzing spores of mycorrhizal fungi in turfgrass, reported the presence of 18 different
species. Spore abundance and composition showed some seasonal patterns, and strong
variation correlating with environmental factors and turf management [44].

Despite the clear lack of studies that comprehensively address microbial commu-
nity structure of turfgrass-associated microorganisms under controlled conditions, it is
evident that there are many different factors that potentially impact structure and func-
tion of the turfgrass microbiome. A taxonomic core-microbiota, defined as a group of
microbial species that are present in most microbiomes of the same plant species, which
has been illustrated for several plants, including landmark papers on Arabidopsis thaliana
[45,46], has not really emerged for golf turfgrasses, and might not even exist, and rather
than focusing the search for common taxa, Lemanceau’s recommendation that studies
on plant-associated microbial communities should rather focus on common functions of
the microbiota [47] might be appropriate for turfgrass. But, more detailed studies on the
impact of different factors on structure of microbial communities associated with diverse
turfgrasses are necessary to make that case as, at least for fungal communities, a cultiva-
tion approach indicated a potential core microbiome for Festuca rubra subsp. pruinosa
[48], although the definition of a core-microbiome has to be discussed in that context.

Figure 3 displays the complexity of the system and illustrates our opinion on how
different factors might impact turf microbiome structure and function. Intensive man-
agement of turfgrass, e.g., frequent mowing, irrigation, traffic, fertilization, or the appli-
cation of herbicides, fungicides or nematicides, as well as different biotic and abiotic fac-
tors will have direct and indirect effects on structure and function of turfgrass microbi-
omes. Direct effects include the increase in availability of nutrients or elimination of
pests, while indirect effects change soil properties that will in turn alter microbial com-
munities. Additionally, there are interactions between members of the microbiota that
can affect structure and function of the whole community. Adding a single species, a so-
called hub taxon, to the phyllosphere of Arabidopsis thaliana was shown to change struc-
ture and function of the complete microbiome [49]. Similarly, addition of microbial spe-
cies to the soil can not only change soil communities, but can also impact microbiota in
the root endosphere, and to a lesser extent, in the leaf endosphere [50]. While none of
these studies were done on golf turfgrass, similar mechanisms might apply. An interest-
ing study analyzing turf of the Park Grass Experiment in the UK showed that fertilizing
turfgrass can have significant effects on microbial community structure in the surround-
ing soil [51]. Similarly, studies on microbiomes of agriculturally relevant grass species
show the impact of management practices on bacterial and fungal microbiomes [52-54],
but unfortunately, similar studies on golf areas are lacking.
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Figure 3. Interconnectedness of turfgrass management, environmental conditions, microbiome
and turfgrass performance. Connectors in bold indicate very strong support in the literature,
whereas faint connectors indicate a critical lack of knowledge.

While there is little research available on interactions between different members of
the microbiome of turfgrasses, or responses of microbiomes related to management
practices, there is a large body of literature that demonstrates how soil properties change
based on turfgrass treatments. Diera et al [55] analyzed the impact of wetting agents and
two additional plant growth regulators on microbial communities in the soil, with the
result that most effects were short-lived; endophytic communities or other plant-associ-
ated microbiota was not studied. A detailed understanding on how biotic and abiotic
factors impact turf microbiomes can identify key taxa (and key functions), help to pre-
dict microbiome responses to treatments and modify best management practices, and
will be pivotal to improve grass health by fostering a “healthy microbiome’.

4. Golf course management changes soil properties

Golf courses are among the most intensely managed ecosystems on this planet. Mowing,
irrigation, fertilization, pesticide applications, aeration, traffic, and use of wetting agents
impact physico-chemical parameters that affect both grass performance as well as, pre-
sumably, microbiome composition and function. Some of these practices (e.g. mowing
and irrigation) are carried out daily in the most highly managed golf areas like the
greens, and therefore may have a constant impact on the microbiome. Several studies
show changes of soil properties in response to management practices on golf courses. A
review of major changes in soil properties due to management practices commonly
adopted by the golf industry can be found in Table 1.

Table 1. Selected publications on the impact of common management practices in the golf industry
on soil physico-chemical properties and/or plant physiology.
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Similar to other plants, microbial communities associated with turfgrasses seem to
differ significantly between the diverse niches on/in the plant. This might be partly due
to management procedures that act differently in these habitats: e.g., we hypothesize
that mowing has a stronger effect on phyllosphere organisms than on rhizosphere

Management practice Impact on soil properties References
Mowing Reduces root density [56-58]
Increases disease susceptibility
Fertilization Change of nutrients [59-61]
Change of soil pH
Irrigation Changes soil chemistry [14,16,62,63]

Change of soil nutrient balance
Pesticide applications Microbial community structure, enzyme [64,65]
activities, soil invertebrate communities
Change in soil pH
Core aerification, dry injection Bulk density, surface hardness [66,67]
Water content/infiltration
Verticutting Increases root weight and organic matter [68]
concentration in soil
Use of wetting agents Improves soil water distribution through [14,15,69-71]
the soil profile

May enhance soil water content

organisms, and that irrigation or soil aeration has a higher impact on rhizosphere
communities that on leaf communities. Similarly, even in the same ‘compartments’,
physicochemical parameters most likely impact different members of the community in
different ways, making it difficult or nearly impossible to predict responses of whole
communities to different treatments. Based on the existing body of data, we hypothesize
that, of all the microhabitats where plant-associated microbiota occurs, the endosphere
of turfgrasses is the least impacted from the management effects and provides
presumably the most stable niche. Therefore, it represents the ideal compartment for the
inoculation of beneficial microbes. Additionally, constant mowing introduces ‘wounds’
and thus entry points for both pathogens and beneficial microbes. The fact that
sharpening mower blades decreases severity of plant diseases [56] is a clear indicator
that these cuts are used by microorganisms to invade the plant tissue, and the
endosphere.

5. Endosphere microorganisms

Endospheric microorganism, which can either occur exclusively in the leaves or in the
roots or colonize the entire plant, are highly diverse and different plants harbor distinct
communities of bacteria and fungi in their tissue rana [72]. In nearly all cases, exact in
planta metabolism and thus their ‘metabolic functions” are unknown. Hardoim et al [73]
defined endophytes as microorganisms that inhabit the tissue of plants, without assum-
ing whether they might be pathogenic or beneficial to the host. The line between the two
can be blurry and many organisms can be either pathogenic or beneficial, dependent on
several abiotic and biotic factors [73-75]. In some cases, known pathogens and known
beneficial organisms can colonize the same plant and provide an excellent system to
study host-endophyte and endophyte-endophyte interactions [76]. Many grass species
have been investigated for (fungal) endophytic microorganisms, but studies in golf
turfgrass are rare. In switchgrass, it was shown that similar endospheric microorganisms
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can be recovered from different locations, while rhizosphere microbiota differed
significantly [77], indicating a potential core-microbiome of the endosphere. Fungal
endophytes have been reported from many different grass species and can increase
forage quality, grass yield, and provide resistance to pests and weeds [78].

The best-known endophytes of cool-season grass species are among the fungal
genus Epichloé, including E. festucae. Some Epichloé strains can produce antifungal
proteins [79], and/or different kinds of alkaloids that can be effective against several
fungi or even nematodes and insects [80-83]. While having desirable effects like restrict-
ing the growth of certain pathogens, these alkaloids can also cause fescue toxicosis in
grassing cattle/livestock [84-86]. The production of alkaloids that can diffuse through the
plant tissue might explain that Epichloé can reduce root-knot nematode damage,
although they are not even present in the roots. While biocontrol products using Epichloé
are on the market, especially for grasses used for feedstock [87], their full potential has
not been exploited [83-88]. To the best of our knowledge, Epichloé-enhanced grasses are
not being used extensively in golf settings.

6. Microbial products for turfgrasses

Biological products consisting of both bacteria [89] as well as fungal strains [90] are
being successfully used in many crops, especially products containing nitrogen-fixing
bacteria that have a current market value of USD 1.5 billion [91]. Similarly, the
agricultural biocontrol market in the US is highly valued, but still only contributes to
around 3.5% of the global pesticide market [92]. On most golf courses, microbial
products are usually not part of best management practices. There are certain limitations
in order to develop endophytic fungi that produce exciting activities in a lab setting into
a functioning commercially successful biocontrol product [93], but many of those can be
overcome. The potential of mixed microbial communities to improve turfgrass health
and performance has been demonstrated. Different soil treatments using organic
material containing mixed microbial communities have shown efficacy to suppress
different diseases in turfgrass. Among those, compost has been used very successfully
[94-102]. While adding compost might have positive effects, results can be
irreproducible due to its microbial and chemical diversity and complexity. In addition,
plant and animal pathogens could also be a part of the compost noble [103]and can have
negative effects on the turf. Therefore, we propose the use of single species as biocontrol
agents rather than complex mixed communities. Unfortunately, so far, biocontrol agents
are often unpredictable, and the results are too variable for commercial success [104].
Kenna and Snow [7] outlined the most important challenges that determine the success
of novel biocontrol products for the golf industry: 1. Determine if the biocontrol agent
readily establishes in the turf or surrounding areas; 2. Evaluate the effects of pesticides
on the growth and development of the antagonist; 3. Estimate the likelihood of
resistance to the effects of the biological agent; 4. Reduce the need for conventional
pesticides by providing an adequate level of control; 5. Provide evidence that the
biological agent is safe for people, wildlife and the environment; and 6. Develop
methods for producing commercial quantities with an acceptable shelf life and cost.
These challenges should guide the development of new microbial biocontrol products.

Biocontrol agents, including species of the bacterial genera Bacillus and
Pseudomonas, and the fungal genus Trichoderma have been developed and are marketed
for turfgrasses [23], but most of them address only very local problems with specific
fungal pathogens. Nevertheless, the existing data clearly shows that biocontrol agents in
agricultural settings can reduce the usage of fertilizers, reduce the need for insecticides
and fungicides, and even reduce the need for herbicides [105]. Especially endophytic
fungi have great potential to be developed into successful biocontrol agents in
turfgrasses and in agriculture in general [106]. Other beneficial functions of the
microbiome that are feasible to be developed, but have not really been explored in golf
ecosystems, are the production of biosurfactants to replace or reduce the use of wetting
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agents [107] and increased resistance of the grasses to drought stress by microorganisms
that can reduce water need of the plant [108].

7. Conclusions

A better understanding of structure and function of turfgrass microbiomes and bio-
tic and abiotic factors that shape them will lead to increased and more targeted usage of
the microbiota to improve turfgrass performance on golf courses. Successful microbial
products need to provide consistent and long-lasting effects, should be easy to apply
and to store, cheap and easy to produce, be non-toxic for non-target organism and the
environment, and need to tolerate the intense management practices on golf courses. We
assume that the addition of endophytic microorganisms has the greatest potential for
biocontrol of pathogens and pests of turfgrasses. The endosphere provides a relatively
stable environment and constant mowing introduces entry points that can be used for
inoculation. Soil or rhizosphere bacteria might not establish long-lived populations,
partly due to the management of turfgrasses that constantly alters physicochemical con-
ditions in these habitats, and thus effects might be minimal. Additionally, endophytes of
grasses have been described in great detail and, at least for some grass species, have pro-
duced nearly ideal biocontrol agents. Future studies need to fill the gap of knowledge on
structure and function of microbiomes of golf turf, establish culture collections of endo-
phytes from different golf turfgrass species, and establish controlled experiments that
test efficacy, longevity, and toxicity of potential biocontrol agents as well as their re-
sponses to common management practices on golf courses.
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